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Abstract
Many exoplanets have been discovered with indirect methods that have sensitivities for com-
panions at narrow orbits, and those discoveries of exoplanet have raised many open questions
in understanding their formation and evolution processes. Since exoplanets are considered to
radially migrate from their birthplace, search for exoplanets not only in the vicinity of their
host stars but also those at wide orbits are important. High-contrast imaging technique is
complementary to other indirect methods and essential to understand the outer architecture
of planetary systems. Although several planetary mass companions at outer radii of ≥ 20 AU
have been discovered by the imaging observations, their detection rate is very low, suggest-
ing that exoplanets are indeed at inner radii, which is consistent with the widely accepted
planet formation model, so-called core accretion model. However the true outer architecture
of exoplanets, 10–20 AU, is still uncertain owing to several observational constraints.
In the number density, M-dwarfs are the most abundant population in the Galaxy as
well as the solar vicinity. Additionally, M-dwarfs are less massive and faint, enabling several
approaches to search for exoplanets. Thanks to these factors, M-dwarfs should be the most
powerful tool to understand the formation and evolution of exoplanets, especially for their
radial distribution. On the other hand, imaged planets have uncertainties in their physical
parameters. At the present stage for imaged exoplanets, only photometric properties are ob-
tained by observations. In order to understand them, cooling evolutionary models (theoretical
isochrones) have to be applied, which have not calibrated well and may be uncertain. There
are several stellar physics commonly used for low-mass stars and planetary mass objects.
M-dwarfs are less massive to be observed their cooling phase (< 100 Myr), and hence they
are important to calibrate the cooling evolutionary models.
The author of this doctor thesis has studied for giant planets around M-dwarfs to un-
derstand the formation and evolution of exoplanets and their host stars. In the former part,
the orbital characterization of a young low-mass system GJ1108A is presented. We found
the cooling evolutionary models did not reproduce the mass-luminosity relation of the sys-
tem properly, and clarified that the model still has uncertainty in the cooling phase due to
several possibilities, accretion histories for instance. Combined with literature-based objects,
we discussed the performance of the cooling evolutionary models. Consequently, the cur-
rent model averagely reproduce the mass of low-mass objects without any significant oﬀsets,
less 10%, which is a few times accurate compared with a similar test using young eclipsing
binaries. In the latter part, the current observational knowledge for the frequency of giant
planets around M-dwarfs is summarized, and future prospects to advance the understanding
with high-contrast imaging are also discussed. We gathered archival datasets of young nearby
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M-dwarfs satisfying criteria to achieve down to a Jovian mass sensitivity, and confirmed the
insights by the imaging observations for M-dwarfs is still insuﬃcient. If the ongoing/upcoming
advanced AO systems such as SPHERE and SCExAO observe the several tens nearby young
M-dwarfs, we can obtain strong constraints for the frequency derived from radial velocity and
micro-lensing surveys, in which a possible detection may be expected.
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Chapter 1
Backgrounds: Star and Planet
Astronomy has been developed for more than a few thousands years, in which stars are
the most fundamental objects and the exoplanetary science is one of the most active field.
In the thesis, the author focuses on formation and evolution of low-mass objects including
exoplanets, and introduces background knowledge for them in this chapter.
1.1 Formation and evolution of lower-mass objects
Almost all the objects on the sky are main-sequence stars defined by the continuous hydrogen
burning due to p-p chain process at the core. Main-sequence stars are well established on color-
magnitude diagrams (CMD), in other words, mass-luminosity relations (MLR), which have
been giving many insights for the structure and properties of stars such as luminosity, eﬀective
temperature, mass, and radius. However their formation and evolution before achieving at
the zero-age-main-sequence, so-called pre-main-sequence (PMS) phase are far from conclusive
census. The MLR below the hydrogen-burning minimum mass (HBMM): approximately
less 0.07-0.09M⊙ for brown dwarfs (Chabrier and Baraﬀe, 1997) and the deuterium-burning
minimum mass (DBMM): less 0.013 for planetary-mass objects (Chabrier et al., 2000b, and
references therein) are also still remained very uncertain.
1.1.1 Pre-main-sequence phases
In the standard scenario, stars are formed in molecular clouds via collapse and accretion, which
is identified as the four phases of PMS evolution, class 0–III. Due to gravitational instability,
prestellar cores are formed in a dense region of a molecular cloud. Materials from its envelope
and protostellar disk accrete onto the core in the class 0–I phase. The accretion process is
one of the most important and uncertain factor to understand the very early stage of stellar
evolution (e.g. Hartmann et al., 1997). In a classical scenario, the accretion is assumed to be
a long-term quiescent process. However recent studies indicate the possibilities of episodic
accretion to explain the spreads in CMDs (Baraﬀe et al., 2009, 2012). At the beginning of
non-accreting phase theoretically defined as a birthline on CMDs (e.g. Stahler, 1983), a PMS
star with a protoplanetary disk can be observed in optical and infrared wavelengths, and the
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quasi-static evolution of Kelvin-Helmholtz contraction starts. Within a few Myr (up to ∼10
Myr), gaseous disk is depleted due to several mechanisms including photo-evaporation and
planet formation for instance. The final phase of PMS stars with debris disk defined as class
III object or post T-Tauri stars. Observationally, those post T-Tauri stars are observed as
members of young moving groups (YMG).
1.1.2 Cooling evolutionary models
Figure 1.1 The comparison of observed disk
dwarfs and isochrones of 1.0Gyr is shown
(Baraﬀe et al., 2015). Each Line indicate the
diﬀerent isochrones labeled on top right of the
figure. The figure is reproduced with permis-
sion from Astronomy & Astrophysics, c⃝ ESO.
Present theoretical isochrones for low-mass
stars describe the cooling evolution of
low-mass stars from their non-accreting
phase. Initial conditions are arbitrary set
as the mass with large surface gravity of
log(g)=3.0–3.5 dex (Baraﬀe et al., 2002).
Models often employ an assumption of spher-
ical asymmetry, and considered several stel-
lar physics such as; nuclear reaction at the
core, energy transfer of radiation and con-
vective, equation of state, and non-grey at-
mospheres at stellar photosphere. In these
theoretical models, mass increase and de-
crease are not considered, and their evolu-
tionary ends are determined by initial condi-
tions: M > Mconv for solar-type stars with
radiative and convective layers, MHBMM <
M < Mconv for fully convective stars, and
MDBMM < M < MHBMM for brown dwarfs.
PMS stars will ignite the hydrogen burning
with p-p chain reaction within typically sev-
eral tens Myr, and reach the zero-age-main-
sequence corresponding to the end of cooling
evolution. In contrast, below the HBMM limit, the continuous nuclear reaction cannot be oc-
curred. As a brown dwarf contracts, their internal structure becomes dense and cool enough
to degenerate electrons, pressure of which support the self-gravity. Thus brown dwarfs are
continuously cooled without a contraction.
Each stellar model uses the latest stellar physics at that time, and their performance to
observations has been improved (e.g. Bell et al., 2015, and Fig. 1.1). Among such progresses,
cloud evolution is one of the most critical factors to understand the time-evolution of brown
dwarfs. At the upper temperature of brown dwarfs, L-type dwarfs of ∼1500–2500 K, refrac-
tories constructed by heavy elements such as Fe, Mg, and Al are allowed to exist as optically
thick clouds at photosphere. As atmospheres of brown dwarf cool, those clouds evolve and
sink below their photosphere, which can be seen as a transition on CMDs and called L/T
transition. For brown dwarfs and possibly giant planets, several atmospheric and evolutionary
models have been made, which are typically separated by two extreme cases, CLOUDY model
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and CLOUD-FREE model for L-type and T-type planetary-mass objects, respectively (e.g.
Chabrier et al., 2000a; Baraﬀe et al., 2003). The latter models consider that condensations
are free from the sedimentation or gravitational settling. The BT-settle atmospheric model
connects these two models by assuming dust grain size distributes depends on the altitude of
atmosphere (Allard et al., 2012; Baraﬀe et al., 2015). However the present cloud modeling
especially for their evolutions are still developing.
1.1.3 Planetary-mass objects
Figure 1.2 The comparison of a cold start
model (solid) and a hot start model (cold) is
shown (Marley et al., 2007). Each color cor-
responds to each masses up to 10Mjup. The
figure is reproduced by permission of the AAS.
Planetary-mass objects ranging from a few
Jovian-mass to the LBMM (∼ 13Mjup) have
been found at diﬀerent locations. Many gi-
ant planets were discovered by the radial
velocity method within ∼10 AU from their
host stars. At outer radii of young stars,
planetary-mass objects based on theoreti-
cal isochrones were also detected using high-
contrast imaging techniques (e.g. Chauvin
et al., 2004). The gravitational micro-lensing
method statistically suggests the presence of
planetary-mass objects in field regions (Sumi
et al., 2011). There is a wide variety of
formation and evolution processes for those
objects, and three models are mainly con-
sidered for their theoretical formation: core
fragmentation, gravitational instability, and
core accretion. In the first model, planetary-
mass objects are formed via the fragmenta-
tion of a prestellar core into a multiple sys-
tem, which is the extension of (sub) stellar
formations (e.g. Padoan and Nordlund, 2004; Bate, 2009). Second, clumps of a few Jovian-
mass can be formed at cool outer radii of protoplanetary disk in which the self-gravity of
gaseous disk becomes dominant (e.g. Boss, 1997). Third is the standard scenario for planet
formation: formation of dust core and runaway gas accretion onto the core (e.g. Pollack et al.,
1996; Ida and Lin, 2004; Mordasini et al., 2009). To understand objects via the former two
models, classical evolutionary models may be applied. However the accretion processes of
runaway gas accretion in planet formations are much diﬀerent from those twos: entropy of
gaseous envelope should be lost at the accretion, and an alternative model is required to
understand giant planets. Marley et al. (2007) indicated that initial condition of the star-
like evolutions inferred as “hot start model” are not appropriate for true gaseous planets,
and planetary initial conditions of “cold-start model” predicts the much fainter luminosity
of giant planets (Fig. 1.2). It should be noted that although evolutionary models roughly
reproduce the physical properties of low-mass objects, they still have uncertainties even for
relatively massive PMS stars (See Chap. 2).
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1.2 Extrasolar planet
Since the discovery of 51 Peg b with radial velocity measurements (Mayor and Queloz,
1995), more than 2000 exoplanets have been detected by various complementary methods (Ex-
trasolar Planets Encyclopaedia1), allowing us to recognize the diversity of planetary systems
in the milky way galaxy, and those discoveries of exoplanet have raised many open questions
in understanding their formation and evolution processes. In this section, the author briefly
introduces the standard planet formation scenarios and observational insights to support it.
Exoplanets discovered so far are also presented with their detection methods: radial velocity
(RV) measurement, gravitational micro-lensing, and high-contrast imaging.
Figure 1.3 The left presents exoplanets discovered so far, which is based on the data in The
Extrasolar Planets Encyclopaedia. The green, red, and blue points indicate exoplanets de-
tected by RV, micro-lensing, high-contrast imaging, respectively. The right shows theoretical
planet populations (Mordasini et al., 2009). Black points represent the final position of gen-
erated planets. Colored lines: red, breen, and blue correspond to migration modes: type
I, disk-dominated type-II, and planet-dominated type-II, respectively. The right figure is
reproduced with permission from Astronomy & Astrophysics, c⃝ ESO.
1.2.1 Planet formation and orbital evolution
In the standard model, through the collision and merging processes of planetesimals, planets
are formed in a protoplanetary disk corresponding to T-Tauri phase of stellar evolution (e.g.
Hayashi, 1981). In such scenarios, rocky planets like the Earth should be at small orbit within
a few AU, because plenty dust materials do not exist there and hence only low-mass planets
can be formed. On the other hand, the most massive planet population, gaseous planets
like the Jupiter can be formed at at ∼3-10 AU, in which relatively plenty dust materials are
1http://exoplanet.eu/
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present thanks to the sublimation of H2O ice (the threshold is called snowline). Rocky cores
grow up in a relatively short timescale, and then they are massive enouth to induce the gas
accretion before the gas depletion. Beyond the region, although the large amount of dust
exists, the crossing timescale of planetesimals are much longer than the depletion timescale
of the gas, and hence icy planets with a massive core and thin atmosphere are formed. This
gradual planet formation is the most widely accepted as the core accretion scenario (e.g. Ida
and Lin, 2004; Mordasini et al., 2009), which can also explain the formation of our solar
system.
The presence of hot jupiters such as 51 Peg b, massive planets at very small orbit, cannot
be formed in the classical scenario due to small amount of materials and higher evaporation
rates (e.g. Lin et al., 1996). In order to explain the presence of those, the planet orbital
migrations have been considered. There are mainly two types of migration, migration with
mutual interactions with a protoplanetary disk and migration due to the perturbation by
other objects. Even for intermediate-mass planets, orbital migration due to the imbalance of
torque can be occurred, so-called Type-I migration (e.g. Ward, 1986; Tanaka et al., 2002).
Meanwhile, Type-II migration: the inward migration due to the angular momentum transfer
coupled with viscous evolution of disk is considered only for massive planets that can open a
gap in the protoplanetary disk (e.g. Lin et al., 1996). A point in common for those orbital
migrations is the interaction with a gaseous disk, and hence these may be halted by the gas
depletion. On the other hands, the other objects not only planets but also widely separated
stellar companions are also candidates to induce the planet migration. In the Kozai-Lidov
mechanism (Kozai, 1962; Lidov, 1962), an outer stellar companion that has diﬀerent orbital
plane to the inner companions can give the secular perturbation to a planet, which oscillates;
semimajor axis, orbital eccentricity, and orbital plane of planets (Wu and Murray, 2003).
Ngo et al. (2016) indicates the planetary systems hosting a hot jupiter tends to have a stellar
companions at wide orbit by 2.9 times with 4.4σ compared to field stars. Additionally, the
retrograde orbit of exoplanets may be understood by the mechanism (Winn et al., 2009;
Narita et al., 2010, 2012).
1.2.2 Dependence of planet frequency to host star properties
It is well known that the frequency of giant planet correlates with the metallicity ([Fe/H])
of host stars (Santos et al., 2003; Fischer and Valenti, 2005; Johnson et al., 2010). That
is theoretically understood as, increasing dust materials with the abundant heavy elements,
the planet formation in the standard scenario are promoted, and hence planets with larger
mass are formed before the gas depletion. The metal abundance aﬀects not only the amount
of dust but also the gas depletion timescale of disks. Yasui et al. (2010) investigated the
disk fraction of young clusters and found the fraction in metal-poor clusters rapidly drop
compared to the solar-metal environments. Ercolano and Clarke (2010) theoretically studied
the relation between metallicity and the gas depletion due to the X-ray photo-evaporation,
in which metallicity works to increase the gas opacity, making the depletion timescale longer.
The mass of host star similarly correlates with the planet frequency (Johnson et al.,
2010), which also seems to be natural because the initial mass of protoplanetary disk strongly
related with their host stars. The ongoing accretions to T-Tauri stars have been observed as
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Figure 1.4 The correlation between stellar metallicity and frequencies of giant planet is shown
(Fischer and Valenti, 2005). The figure is reproduced by permission of the AAS.
Hα emission (e.g. Muzerolle et al., 2003; Natta et al., 2004). Muzerolle et al. (2003) found
the accretion rate decreased as a function of stellar mass. If a dust to gas ratio is assumed,
giant planets may be diﬃcultly formed around less massive host stars due to the lack of dust
materials.
1.2.3 Radial Velocity measurement
The radial velocity measurement has been one of the most widely used techniques to search for
exoplanets. Using a high-dispersion spectrograph, the method detects Doppler shifts due to
the orbital motion of exoplanets, and hence has advantages in discovering massive exoplanets
at small orbit from their host stars, hot jupiters for instance. The sensitivity is followed by
an equation,
RVmax =
(
2πG
P
)1/3 Mpsini
(Ms +Mp)2/3
1√
1− e2 (1.1)
where G, P, Ms, Mp, i, and e indicate gravitational constant, orbital period, mass of host
star, mass of planet, inclination angle, and orbital eccentricity, respectively. To detect the
Doppler shift, the shifts of stellar lines to reference lines are measured. There are mainly
two approaches to generate the reference lines, using absorption cell and reference lamp. The
absorption cell method is widely used to make calibration lines. The cell of gas with a large
number of absorption lines (e.g., NH3) is injected in front of a spectrograph, and then non-
shifted lines to calibrate stellar lines are generated. In contrast, a reference lamp such as Ar
is simultaneously observed in the latter method. Both of them can achieve the accuracy of
less 10 m/s at least in optical wavelength for solar-type stars, however please note the former
method contaminates the stellar spectra.
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1.2.4 Gravitational micro-lensing
If an observer, a lens object, and a source object are perfectly aligned to a line of sight, the
gravitational lensing eﬀect can be observed as Einstein ring, whose radius is written as,
rE = 8.1
(
ML
M⊙
)1/2( DS
8kpc
)1/2
[(1− β)β]1/2AU (1.2)
where ML, DL, DS, and β indicate mass of lens object, distance to lens object, distance to
source object, and DL/DS. As seen in the solar vicinity as well as the Galaxy, 70 − 80% of
objects on the sky are M-dwarfs because the lifetime of M-dwarf is considered to be longer
than the age of universe. This indicates that many of the lensing events are occurred for
M-dwarfs, and hence the Eq. 1.2 is written as,
rE = 2.9
(
ML
0.5M⊙
)1/2( DS
8kpc
)1/2
[4(1− β)β]1/2AU (1.3)
rE
DL
= 0.4
(
ML
0.5M⊙
)−1/2( DL
8kpc
)1/2
[4(1− β)]1/2mas. (1.4)
The event due to a star cannot be resolved, but the light of source object is magnified,
which is called as a micro-lensing event. If the foreground object has a exoplanet being
around Einstein radius, the magnified background object is re-magnified on a light curve,
indicating the presence of a exoplanet. Please note the micro-lensing method has a sensitivity
of exoplanets of M-dwarfs over their snowline, which is a complementary to RV and transit
methods.
1.2.5 High-contrast imaging
In general, as seen in the solar system, planets should be located at the vicinity of their
host stars. For example, a exoplanet at 1 AU from its host star that located at 10 pc from
the Sun is assumed, which corresponds to 0.1′′ in projected separation of the exoplanet and
cannot be achieved with seeing conditions even in the Antarctic plateau (0.2′′). In order to
achieve the high angular resolution for the exoplanet imaging, diﬀraction limited observations
with a telescope whose diameter is at least several meters must be required. Although there
are several types of techniques to achieve the high angular resolution such as interferometry,
speckle imaging, and adaptive optics (or using space telescopes). In this thesis, the author
focuses on high-contrast imaging observations with Adaptive Optics (hereafter called AO),
coronagraphic masks, and the combination of several imaging modes for the purpose of speckle
subtraction.
High-contrast instruments
Owing to the atmospheric turbulence, the PSF of ground-based telescopes must be smoothed,
the size of which is larger than sub-arcsecs2. In AO observations, a guide star is observed on
2In Japan, about 1′′ is achieved at OAO as nearly the best seeing.
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an internal camera to understand the atmospheric turbulence using a wavefront sensor (e.g.
Shack-Hartmann), and momentarily compensates wavefront error with deformable mirrors.
Coronagraphic masks are also used for those diﬀractions-limited observations. In a classical
optical configuration of Lyot-type coronagraphs, a opaque mask is put on the center of PSF
at focal plane, some of light at which are diﬀracted and blocked at pupil plane with a stop
called Lyot stop. Then the PSF of host star at the occulting spot as well as a part of halo
components are masked.
Diﬀerential Imagings
Even though a high-contrast instrument is used, there are also undesirable PSF patterns due
to instrumental reasons such as spiders and imperfect corrections for atmospheric turbulence.
To subtract those speckle errors and detect exoplanets, two types of imaging mode, Angular
Diﬀerential Imaging and Spectral (Simultaneous) Diﬀerential Imaging are used (Marois et al.,
2006; Racine et al., 1999, hereafter respectively called ADI and SDI).
Observing with a alt-azimuth telescope like the Subaru telescope, in principle, stars rotate
along the parallactic angle. An image rotator is used to compensate the rotation in usual
sidereal (sky) tracking observations. On the other hand, in ADI observations, the image rota-
tor is stopped and companions rotate around a central star, enabling the instrumental speckle
patterns are fixed. In image reduction procedures, a median-combined frame is subtracted
from each frame and then all frames are de-rotated, in which companions are relatively free
from the self-subtraction and are left in a final image. ADI is widely used and advanced by
several approaches such as LOCI-ADI (Lafrenie`re et al., 2007b) and PCA-ADI (Soummer
et al., 2012) for instance.
Although the speckle noise coming from instrumental factors can be suppressed with ADI,
residuals are remained owing to the fast changing atmospheric conditions. To subtract the at-
mospheric speckle patterns, Spectral (Simultaneous) Diﬀerential Imaging mode (Racine et al.,
1999) is used in addition to ADI. Substellar objects like T-dwarfs show deep methane absorp-
tion (1.58–1.66µm) in their cool atmospheric spectra (Burgasser et al., 2006, and references
therein). For the SDI in NIR wavelength, narrowband filters are designed to across the band
head of methane in H-band and obtain the flux diﬀerence of substellar companions caused by
the absorption. Thanks to its distinguishing speckle patterns from the parent PSF, which are
roughly constant across the methane band, from true substellar companions, which exhibit
a spectral dip across the methane band (Rameau et al., 2015), Simultaneous DI enables the
performance of eﬀective PSF subtraction without self-subtraction.
Imaged planets
Several exoplanets have been detected by high-contrast imaging techniques, characterization
of which are much dependent on cooling evolutionary models. Classical evolutionary models,
so-called hot start model, arbitrary assume large radius as an initial condition of exoplanets.
Whereas the accreting formation is considered as the initial stage in the continuous evolution
for gaseous planets, cold start model. The large amount of entropy of gas envelopes are
radiated away in their runaway accretion onto the rocky core, indicating young giant planets
14
1.3. OBJECTIVES: QUESTIONS FOR HIGH-CONTRAST IMAGING
are much fainter than those via instability or fragmentation with hot start models (Marley
et al., 2007). If suggestions of these models are true, almost all the imaged planets indeed too
bright except for the 51 Eri b (Macintosh et al., 2015). In fact, the GJ504b is also a candidate
for a true giant planet because the object is relatively old ∼160 Myr, and its initial condition
has already forgotten (Kuzuhara et al., 2013). However it should be uncertain which model
is correct, and furthermore, both of them may be incorrect quantitatively. To understand
the planetary mass companions and the outer architecture of planetary systems, calibrations
for theoretical models as well as discovering faint self-luminous planets and characterizations
those with cooling evolutionary models are essential.
As the most famous example, planetary mass companions to the A-type star, HR8799bcde
have been detected and follow-up with several facilities (e.g. Marois et al., 2008, 2010; Skemer
et al., 2014), which are considered as benchmark stars for understanding the atmosphere of L-
T dwarf companions and their evolution. Diﬀerently from stars, the atmosphere of planetary
mass objects continuously evolves with their cooling as well as the formation and dissipation
of dust clouds. The L-type brown dwarfs has clouds consisting of refractory dusts thanks to
the lower temperature of their atmosphere, making L dwarfs redder on the color-magnitude
diagrams. As those objects cool into the temperature of L-T transition (∼1200 K), it is
considered that the dust clouds evolves and sink their photosphere. Some companions of
HR8799 are believed to be in the transition inferred from their patchy-cloud features seen in
spectral energy distribution (Skemer et al., 2014), however the temperature of the companions
are bit lower than those for field L-T transition. Cloud evolution should be one of the most
important and uncertain factors to understand massive exoplanets.
1.3 Objectives: Questions for high-contrast imaging
Several large surveys for planet detection with high-contrast imaging have been conducted.
However the understanding giant planets at wide orbits are still far from conclusions because
the number of such planets is very small. In addition, those searched orbits of >30 AU is larger
than the outer limit of planet formation in standard scenarios (see Chap. 8). Additionally,
the mass of imaged planet strongly depends on evolutionary models, which may have non-
negligible uncertainties (see Chap. 2). The author has been working as a member of SEEDS:
Strategic Explorations of Exoplanets and Disks with the Subaru Telescope (PI: Motohide
Tamura), and has studied for giant planets of M-dwarfs and M-dwarfs in itself. Since the
importance of evolutionary models is also recognized, the author has conducted the dynamical
mass estimation via an orbital characterization for the calibration and confirmation of current
cooling evolutionary models.
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Chapter 2
Introduction for the importance of
evolutionary models
2.1 Cooling evolutionary models and observational insights
for them
Many low-mass objects have been detected and characterized with advancing of various com-
plementary methods. Among those low-mass objects, several companions have imaged and
had mass lower than the deuterium-burning limit (∼ 13Mjup), and they are therefore inferred
as planets (e.g. Chauvin et al., 2004; Marois et al., 2008). Those imaged exoplanets are
at very early stage of their evolution because present high-contrast imaging search focuses
on exoplanets around young stellar object to detect their thermal emission (e.g. Lafrenie`re
et al., 2007a). Stellar evolutionary models, theoretical isochrones in other words, have been
important to characterize physical parameters of low-mass objects, and to understand their
formation and evolution. However such evolutionary models (hereafter inferred as “cooling
evolutionary model” to specify the evolution of low-mass objects in this work) are poorly
constrained from observational insights even though several studies with benchmark stars
have tried to understand the performance of such theoretical models.
Hillenbrand and White (2004) assembled several benchmark stars 1 whose orbital dynam-
ics for dynamical mass and photometric information for model-derived mass are determined,
and conducted several tests for stellar evolutionary models (Hillenbrand and White, 2004,
and references therein). As a result, they mentioned that evolutionary models underpredict
by 10–30% their true mass (dynamical mass) with large scatter, of which tendency is clearer
for lower-mass stars, < 0.5M⊙. Stassun et al. (2014) focused on eclipsing binaries on PMS
phase as benchmark stars, and suggested that many models tends to averagely overpredict
by 10–30% their dynamical masses with 20–50% scatters. These imply current cooling evolu-
tionary models cannot reproduce the properties of cooling young stars because models do not
1In Hillenbrand and White (2004), several types of benchmark star to determine their dynamical mass have
used, mainly eclipsing binaries and visual binaries in PMS or MS phase.
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include several eﬀects/activities induced by the magnetic field (e.g. Feiden, 2016b) and the
accretion history at early stage of PMS phase yet (Baraﬀe et al., 2009; Baraﬀe and Chabrier,
2010). Furthermore, stars in eclipsing binary systems used in those works are very close to
the other component, and may have experienced numerous interactions at very early stage
of their evolution (Feiden, 2016a). Additionally, five of the seven systems used in Stassun
et al. (2014) have a tertiary star, for which theoretical models indeed reproduced poor results.
They therefore mentioned possibilities of not only the interaction with inner binaries but also
the energy input from the outer tertiary.
Recently, the orbits of several PMS objects are determined with high-resolution imaging
using adaptive optics and radial velocity measurements (e.g. Montet et al., 2015). These AO-
resolved binaries should be important as benchmark stars for stellar evolutions because of their
separation and age. Many of those should be relatively free from the interactions inferred
in eclipsing binaries, and not extremely young, at least older than ∼ 10 Myr. Using the
dynamical mass and broad-band luminosities, the age of those multiple systems are obtained
and they seems to be consistent with the age of young moving groups inferred from theoretical
isochrones (Montet et al., 2015; Nielsen et al., 2016). However the number of such AO-
resolved binaries as calibration stars is still small at this stage, and the performance of cooling
evolutionary models should be further confirmed to advance the understanding of lower-mass
objects.
2.2 Young AO-resolved binaries; understanding nearby M-
dwarfs
In the last decade, characterizations of nearby M-dwarfs were advanced thanks to several large
programs; transit survey for northern M-dwarfs (Dittmann et al., 2014, 2016), high-resolution
imaging survey for those in southern sky (e.g. Janson et al., 2012, 2016), and NUV bright
M-dwarfs using GALEX catalogue (Ansdell et al., 2015) for instance. Not only understanding
those fundamental properties including broad-band luminosities, distance, and binarities, but
also several methods to characterize their atmosphere (i.e., temperature and metallicity) using
conventional facilities are developed (e.g. Rojas-Ayala et al., 2010, 2012; Mann et al., 2014,
2015; Newton et al., 2014, 2015). Young M-dwarfs potentially connected to nearby young
moving groups have been studies (e.g. Shkolnik et al., 2009, 2012; Shkolnik and Barman,
2014; Malo et al., 2013; Klutsch et al., 2014), and have observed in exoplanet surveys using
high-contrast instruments (e.g. Delorme et al., 2012; Brandt et al., 2014a; Bowler et al., 2015).
In the exoplanet surveys, several objects were resolved as binaries.
As a very rough estimation for the number of benchmark stars based on a few assumptions:
object with parallax > 25 mas (5886 in the SIMBAD database2), M-dwarfs comprise about
70% of nearby stars (e.g. Henry et al., 2006), ∼ 35% for binary rate of active M-dwarfs
(Bowler et al., 2015), and < 10% as a very rough young star fraction, several tens young close
binaries can be expected as benchmark stars. Although young nearby binaries of M-dwarfs
are relatively abundant and potentially useful, the orbital characterization for them is still
2http://simbad.u-strasbg.fr/simbad/
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far from finished because the understanding a stellar orbit requires long-term observations, at
least ≥ 5–10 years for half of an orbit, to observe their turn oﬀ in astrometry and RV curve.
High-dispersion spectrographs to resolve the Doppler shift of stellar binaries are installed
on many facilities, however imaging to achieve sub-arcsec resolution requires both a large
telescope and a specified instrument. Hence the number of young AO-resolved binaries is still
small, and they have reported using datasets taken by several facilities such as engineering
data of AO systems and by-products of exoplanet survey.
2.3 Objective of this work
In order to characterize young lower-mass objects including brown dwarfs and giant planets,
and to understand their evolution, the cooling evolutionary models and calibrations for them
are essential. However the dynamical mass estimation by orbital characterization is diﬃcult to
conduct for imaged planets detected so far. Because the number of imaged planet is still small
and their orbital periods are too long to resolve. Whereas, M-dwarfs are less massive enough
to observe their cooling phase (< 100Myr), and they are the most abundant population in the
solar vicinity. Planetary mass objects and M-dwarfs commonly use several important stel-
lar physics including convection and molecular opacities. Furthermore the standard cooling
evolution has to be known to advance the understanding of evolution for lower-mass objects,
the cloud formation and dissipation for instance. Hence orbital characterization of young
M-dwarf binaries should be a step to extend the understanding of lower-mass objects.
We here present the orbital characterization of such AO-resolved M+M binaries in PMS
phase, GJ1108A taken as a part of SEEDS survey. The former part of this doctor thesis
is organized as follows. The target properties, especially the age of the star, are presented
in Sect.2. Observations and analysis are detailed in Sect. 3. Section 4 shows the orbital
solution of the system. In Sect. 5, we compared the dynamical mass of the system with
the model-derived mass, and also discuss the performance of the recent stellar evolutionary
model. Summaries are represented in Sect. 6.
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Chapter 3
Target: GJ1108A
The target, GJ1108A is a late K to early M type star at 21.3 pc from the Sun (van
Leeuwen, 2007) with a companion at small separation 0.17′′, and a ∼ 13.6′′ separated binary
system (GJ1108B). The companion at small separation, we call it GJ1108Ab in this work,
was originally resolved in 2001 with Keck2/NIRC2 and reported in Brandt et al. (2014a)
using Subaru/HiCIAO. The system is considered to belong in young moving groups, and also
shows large spin velocity and X-ray activity, indicating the youth of GJ1108 system. Stellar
properties of the GJ1108A system are presented in Table. 3.1.
3.1 Age of GJ1108A
In Montes et al. (2001) of a kinematical study, GJ1108A was considered to be a member
of the young local association with the age of 20–150 Myr. Nakajima and Morino (2012)
also suggested the star as a member candidate of the TW Hydrae Association. Whereas
the BANYAN: Bayesian Analysis for Nearby Young AssociatioNs1 indicates the membership
probabilities of GJ1108A in Columba, β Pictoris, and a field region, as 69.90, 0.23, and 29.87
%, respectively (Malo et al., 2013). The Columba association with age of 30+20−10 Myr was
first discovered in Torres et al. (2008); Marois et al. (2010), and the presence of Columba
is not considered in the former two works. We here assume that the GJ1108A system is
kinematically suggested to be a member of Columba association. For the age of young moving
groups including the Columba, a self-consistent analysis is conducted in Bell et al. (2015), of
which ages is well reproduced in studies of the orbital characterization (Montet et al., 2015;
Nielsen et al., 2016). We here employ the age of Columba association in Bell et al. (2015),
42+6−4 Myr for the age of GJ1108A.
In general, a stellar spin rate is considered to correlate with a stellar age. Pre-main-
sequence stars without a disk spin up as they contract until the hydrogen burning is ignited.
Once reaching at the zero-age-main-sequence phase, angular momentum of stellar winds cou-
pled with magnetic fields are lost through processes so-called magnetic braking (e.g. Weber
and Davis, 1967). Several activities induced by the magnetic field are also seen at the upper
1http://www.astro.umontreal.ca/ malo/banyan.php
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layers of an atmosphere, which have been used empirical age indicators, chromospheric activ-
ity with line emissions in optical wavelength and coronal activity in X-ray luminosities. The
isochrone in B − V (mag) and spin period space, called gyrochronology, has identified and
been calibrated (Barnes, 2007; Mamajek and Hillenbrand, 2008). The spin period of GJ1108A
is determined with light curves of the HATNet transit survey for exoplanets as τrot = 3.37
days (Hartman et al., 2011), and broad-band luminosities to correct color dependence of τrot
is also obtained as B − V = 1.28 with Tycho-2 catalogue (Høg et al., 2000a). However the
gyrochronology method is poorly calibrated for those red and very active stars, and does not
conclude the ages for those stars (Mamajek and Hillenbrand, 2008; Brandt et al., 2014a),
even though the youth of those stars are suggested. Similarly, it is diﬃcult to determine the
age for those stars with the chromospheric activities.
Activities in X-ray wavelength are relatively well determined to characterize the age of the
red active stars. The X-ray excess is coming from the coronal heating coupled with magnetic
activities, which can be seen in young stars and represented as the ratio to the bolometric
luminosity, log(LX/Lbol) = RX . The correlation between RX and age (or chromospheric
activities) for solar-type stars is confirmed (e.g. Mamajek and Hillenbrand, 2008). Whereas
the relation for late-type stars is bit unclear, because the X-ray luminosity of late-type stars
does not steeply decay with ages as seen in more massive solar-type stars (Preibisch et al.,
2005), and the X-ray index of stars younger than ∼ 100 Myr saturates around logRX = −3.0
(Pizzolato et al., 2003). Jackson et al. (2012) determined the isochrones in wider range of
B−V (mag) and RX, providing ages where X-ray luminosity saturates as log(τsat) = 8.21±0.31
yr with RX = −3.14 ± 0.35 dex for B − V=1.275–1.410 stars. The RX of GJ1108A system
is indeed large -3.13 dex, obtained from the ROSAT All Sky Survey (Voges et al., 1999).
We can set the τsat = 162.181
+168.95
−82.75 Myr as an upper limit for the age of GJ1108A, which
is consistent with the kinematics indications. However it should be noted that the X-ray
luminosity of GJ1108Aa might be overestimated due to the GJ1108Ab.
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Table 3.1. Stellar properties of GJ1108A
properties
name FP Cnc, GJ1108A, HIP39896
coordinate (J2000) 08 08 56.40921 +32 49 11.1398a
proper motion (mas/yr) -18.65±5.71, -220.73±4.01a
distance (pc) 21.28±2.11a
radial velocity (km) 11.9±0.2b
B-band mag (mag) 11.27±0.09c
V -band mag (mag) 9.99±0.04c
J-band mag (mag) 7.206±0.018d
H-band mag (mag) 6.580±0.021d
K-band mag (mag) 6.386±0.018d
age (Myr) 10–50e
name GJ1108Aa(resolved)
J-band mag (mag) 7.37±0.02
H-band mag (mag) 6.74±0.02
Ks-band mag (mag) 6.55±0.03
name GJ1108Ab(resolved)
J-band mag (mag) 9.34±0.05
H-band mag (mag) 8.74±0.04
Ks-band mag (mag) 8.55±0.03
aCoodinates and parallax are taken from the Hipparcos
catalog (van Leeuwen, 2007).
b(Lo´pez-Santiago et al., 2010)
cB and V -band magnitudes taken from the Tycho-2 cata-
logues (Høg et al., 2000b).
dJ , H, and K-band magnitudes taken from the 2MASS
catalogue (Cutri et al., 2003)
eSystem age of the target is obtained from the age of the
Columba moving group (Torres et al., 2008; Marois et al.,
2010; Malo et al., 2013; Bell et al., 2015).
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Chapter 4
Observation and Analysis
4.1 Subaru/HiCIAO
We observed the star as a part of SEEDS project (Tamura, 2009) that motivate to understand
the formation and evolution of massive planets and disks whose age is mainly spanned from
1.0Myr to 1.0Gyr. Observations were conducted with the combination of HiCIAO camera
(Suzuki et al., 2010) and AO188 (Hayano et al., 2008, 2010). Neutral density filters were also
used to enable precise photometry and astrometry for each object. Those observing properties
of imaging are summarized in Table. 4.1, and reduced images are presented in Fig. 4.1.
As a first step of our reduction procedure for imaging data of HiCIAO, the stripe pattern
is modeled by sky regions and then subtracted. Flat fielding and deviant pixel correction
are conducted for those de-striped images. Distortion correction factors of HiCIAO camera,
plate scales of each axis on the detector, and an oﬀset of position angle are calibrated with
the MCMC approach for the M5 globular cluster (Brandt et al., 2013).
For the photometry of the companion, GJ1108Ab is separated just∼ 0.2′′ from the primary
and their contrast is about 6.4 times (Brandt et al., 2014a), which requires to remove the
photometric contamination from the primary. We did the rejection as follows. First, each
frame is convolved with photometric aperture, r=0.5FWHM, to evaluate the pixel-to-pixel
independence through reduction steps. As a level of contamination, the sigma-clipped mean
of pixel-to-pixel counts at the separation where the companion should be is obtained, which
is subtracted from the photometric count of the companion. For photometric calibration,
2MASS results of an unresolved GJ1108A system was used (Cutri et al., 2003).
In case of that both a primary and a companion are bright, the photon noise does not
dominate the error budget of astrometry. The AO-corrected PSF of high-resolution imaging
has fast-changing structures, so-called speckle patterns, which is diﬃcult to properly model
and more significant than the Poisson noise of photon counting. Since the companion is very
close to the primary and their contrast is also very small, the separation with standard PSF
fitting tends to be underestimated. Instead of registering the center of brightness distribution,
we searched the centroid of PSF core on each frame using a derivative search to estimate the
separation of the binary. The PSF shape of both the primary and the companion should
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Figure 4.1 High-resolution images of GJ1108A system taken by NIRC2 and HiCIAO are
presented. All images are aligned to north is up and east is left with 0.7′′ field of view. The
stretch is logarithmic to show from the count at half maximum of the primary to its of the
companion.
be almost same (Fig. 4.1), and hence the separation between each PSF core should be the
separation of the system. As a final result of astrometry, an averaged separation and its
standard deviation were employed.
4.2 KeckII/NIRC2
The GJ1108A system was taken by KeckII/NIRC2 in 2001 and 2004, and we obtained them
from the Keck Observatory Archive1. The initial image processing consisted of dark sub-
traction, flat fielding, deviant pixel correction, and sky subtraction. The distortion solution
in Yelda et al. (2010) was applied to images, enabling to suppress the instrumental errors
in astrometry. Additionally, the oﬀset of position angle given in the website2 was also cor-
rected. Photometry and astrometry were conducted as described for the HiCIAO data. For
photometric calibration, an unresolved GJ1108A system was used in an assumption that the
GJ1108A system has the same average flux density per unit wavelength in the narrow-band
as it does in the broad-band (K-band).
1https://koa.ipac.caltech.edu/cgi-bin/KOA/nph-KOAlogin
2https://www2.keck.hawaii.edu/inst/nirc2/nirc2 ao.html#pa
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4.3 Radial velocity measurement
The SOPHIE archive3 has two datasets of GJ1108A, which had already passed their image
reduction procedures, wavelength calibration using simultaneous Th lamp and Barycentric
Earth Radial Velocity correction. We downloaded those archival data and used the iSpec
(Blanco-Cuaresma et al., 2014) for general analyses and radial velocity measurements. In
order to analyze by combining the datasets with those of Subaru/HDS, we conducted re-
wavelength calibration with a typical telluric template equipped in iSpec (Bertaux et al.,
2014). For spectra normalized by max and median filtering, the shifts of telluric absorption
lines were measured and corrected. Thanks to the temperature-controlled spectrograph and
the simultaneous calibration lamp, the zero-point shifts of the SOPHIE were relatively stabi-
lized at least as seen in the standard deviation of the two data, 207.8±51.9 [m/s]. After the
zero-point correction, their radial velocity was measured by cross-correlating with synthesized
spectra generated with iSpec (Blanco-Cuaresma et al., 2014, and references therein).
One datasets of GJ1108A with HDS of the Subaru Telescope is archived in SMOKA: Sub-
aru Mitaka Okayama Kiso Archive4, and we observed the object with HDS on 28 November
2015 and 14 October 2016. One-dimensional spectra was obtained with IRAF procedures
following a standard manner of HDS data reduction including bias subtraction, flat fielding,
subtraction for scattered light, and wavelength calibration using emission lines of a Thorium-
Argon lamp non-simultaneously taken in the same night. For the reduced spectrum, we
corrected zero-point shifts and measured RV as described above for the SOPHIE data. Even
though HDS has higher spectral resolution, the zero-point shift were 30.0±69.2 [m/s], stan-
dard deviation of which is bit larger than those of SOPHIE owing to several reasons of echelle
spectrograph for general purposes, non-simultaneous wavelength calibration for instance. Ob-
serving properties of high-dispersion spectroscopies are summarized in Table. 4.1.
3A spectrograph on the 1.93-m telescope of Observatoire de Haute-Provence, http://atlas.obs-hp.fr/sophie/
4http://smoka.nao.ac.jp/index.ja.jsp
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Table 4.1. Observing Log of imaging
Obs. Date (UT) Instrument Nexp ttot Filter Airmass mprim mcomp position angle separation
yyyy-mm-dd [sec] [sec] [mag] [mag] [degree] [arcsec]
2001-11-30 NIRC2 4 20 NB2.108 1.03 6.55±0.02 8.52±0.04 50.963±0.210 0.154±0.002
2004-04-04 NIRC2 8 32 NB2.108 1.05 6.56±0.05 8.48±0.05 86.167±0.270 0.264±0.002
2011-12-25 HiCIAO 30 45 H 1.04 6.74±0.04 8.73±0.04 80.889±0.525 0.253±0.002
2013-01-01 HiCIAO 20 30 J 1.05 7.37±0.02 9.31±0.02 - -
10 15 H 1.05 6.74±0.02 8.73±0.04 91.172±0.128 0.267±0.001
10 15 Ks 1.05 6.55±0.03 8.55±0.03 - -
2014-01-21 HiCIAO 50 75 H 1.79 6.74±0.02 8.72±0.02 102.157±1.027 0.249±0.003
2015-01-07 HiCIAO 90 450 H 1.75 6.73±0.02 8.79±0.02 115.021±0.306 0.202±0.001
2015-12-29 HiCIAO 10 40 J 1.13 7.36±0.02 9.38±0.02 - -
30 150 H 1.11 6.74±0.02 8.74±0.02 142.201±0.343 0.114±0.001
Table 4.2. Observing Log of echelle spectroscopy
Obs. Date (UT) Instrument λ λ/δλ texp Airmass RV PI
yyyy-mm-dd nm [sec] [km]
2007-11-25 SOPHIE 387–694 75000 1800 1.02 9.41±0.06 XXX
2007-11-30 SOPHIE 387–694 75000 1800 1.02 9.48±0.06 XXX
2012-11-20 HDS 497–758 110000 600 1.04 12.00±0.08 Norio Narita
2015-11-28 HDS 489–769 165000 240 1.05 10.76±0.08 Teruyuki Hirano
2016-10-14 HDS 489–769 165000 240 1.09 4.63±0.08 Teruyuki Hirano
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Orbital solution
The general form of Kepler’s third law is written as
a1 + a2 =
[
P 2G (m1 +m2)
4π2
]1/3
(5.1)
where a1 a2, P, G, m1, and m2 respectively indicate semimajor axis of primary, semima-
jor axis of companion, orbital period, gravitational constant, mass of primary, and mass of
companion. In case of that the barycenter of a binary system can be measure with the
wide field-of-view observations using such as Hipparcos and Gaia, a1 and a2 are separately
obtained. However the barycenter cannot be obtained with high-resolution AO-imaging obser-
vations due to very narrow field-of-view. Alternatively, those observations precisely estimate
the separation of binary systems. For the case of GJ1108A system, separation were typically
obtained with hundredth accuracy (Tab. 4.1). For high-resolution AO-imagings, the Eq. 5.1
is rewritten as
atotal =
[
P 2Gmtotal
4π2
]1/3
(5.2)
where atotal and mtotal indicate separation of a binary system and total mass of the system,
respectively. Although true orbits are not determined by only high-resolution imaging, the
equation can be solved without knowing a barycenter of a system: motions due to their proper
motion in the Galaxy and annual parallax. In order to divide mtotal into m1 and m2, radial
velocity measurements are required.
For orbital fitting of astrometry, we used Exoplanet Simple Orbit Fitting Toolbox (Ex-
oSOFT; K. Mede & T. Brandt 2016, https://pypi.python.org/pypi/ExoSOFT). The code
employs the Markov Chain Monte Carlo approach to obtain an orbital solution with observed
properties of astrometry and RV. The Keplerian model for this astrometry in the tool has
mainly nine parameters: mass of primary, orbital eccentricity, orbital period, parallax, time
of last periapsis, longitude of ascending node, argument of periapsis, and separation of binary
which are respectively presented as: mtotal, e, P, ϖ, T0, i, Ω, ω, and atotal.
Using the ExoSOFT, we found a orbital solution of the GJ1108A system. Although
many of the posterior probability distributions for each parameter are well determined, the
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peaks and best-fitted values of mtotal, ϖ, and atotal are much diﬀerent. This is because those
parameters are balanced in Kepler’s third law of Eq. 5.2. The orbital eccentricity of the binary
is very large, 0.634, which may be due to the GJ1108B system with Kozai-Lidov mechanism
(Kozai, 1962; Lidov, 1962). The timescale of the oscillation can be written as,
PKozai−Lidov = Pinner
Mprimary
Mouter
[
aouter
ainner
]3
(1− e2outer)3/2 (5.3)
where PX, MX, and aX respectively indicate orbital period, mass, and semimajor axis with
subscripts, “inner” for the inner companion and “outer” for the outer companion as a per-
turber (Holman et al., 1997). In case of the GJ1108A system with Pinner = 8.2 year, Mprimary =
0.4M⊙, and ainner = 3.5 AU and brief assumptions for GJ1108B system: Mouter = 0.4M⊙ and
aouter = 290 AU, the timescale becomes 4.7(1 − e2outer)3/2 Myr. Even if the GJ1108B rotate
the primary with a circular orbit, the timescale of Koza-Lidov mechanism is shorter than the
age of GJ1108 hierarchical system, and hence GJ1108Ab may have experienced the secular
perturbation and its eccentricity was enhanced.
With only five RV data points (four points in essence), it was diﬃcult to conduct simul-
taneous fitting with many free parameters for the data of astrometry and RV measurements.
Hence, based on the orbital solution of astrometry, we generated orbital parameters: orbital
period, time of the periapse, and eccentricity with Monte Carlo simulation (N=103) and fixed
those in RV fitting1 with Keplerian curves, producing probability distributions of K and γ
velocity (radial velocity of a system due to its proper motion along a line of sight). The mass
of each component were obtained with an equation,
K =
(
2πG
P
)1/3 m2 sin i
(m1 +m2)
2/3
1√
1− e2 . (5.4)
where K, G, P, m1, m2, i, and e indicate RV semi-amplitude, gravitational constant, or-
bital period, mass of primary, mass of companion, inclination angle, and orbital eccentricity,
respectively. Those best-fitted parameters with Gaussian are also presented in Table.5.1.
1In this work, we used IDL-based procedure “rvlin.pro” for RV fitting (Wright and Howard, 2009).
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Figure 5.1 The best-fit relative orbit of GJ1108Ab to GJ1108Aa is shown. The star symbol,
solid line, and dashed-dotted line indicate the position of primary, line of apsides, and line of
nodes, respectively.
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Figure 5.2 The normalized probability distributions of each orbital element are presented.
Black vertical lines indicate best-fitted parameters.
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Figure 5.3 The left shows the most probable RV curve of GJ1108A. The model-predicted RV
curve based on the evolutionary model of Baraﬀe et al. (2015) is also presented as dashed.
The right panels represent probability distributions of RV parameter, K and γ velocity fitted
with Gaussian function.
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Table 5.1. Results of orbital fit
Parameter Best-fit
mtotal(M⊙) 0.655±0.173
ϖ (mas) 46.599±4.210
e 0.634±0.012
T0 (JD) 2454702.913±10.284
P (yr) 8.221±0.028
i(◦) 41.704±1.505
Ω(◦) 278.749±2.032
ω(◦) 349.814±2.902
atotal (AU) 3.539±0.321
χ 0.277
m1(M⊙) 0.411±0.131
m2(M⊙) 0.236±0.043
K (m/s) 3878.362±120.534
γ (m/s) 10630.036±80.662
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Discussions
6.1 Age constraints for GJ1108A system
Due to the companion, the γ velocity of GJ1108Aa is estimated as up to a few km larger
than its intrinsic value. We estimated their radial velocity without stellar companions corre-
sponding to the true γ velocity as 10.63 [km/s]. On the other hand, BANYAN predicts the
γ velocity of GJ1108A as 10.58 [km/s] if the system belongs to the Columba moving group,
enhancing the membership probabilities of GJ1108A in Columba from 69.9 % to 84.3 % in
their calculator.
The combination of astrometry and RV revealed the dynamical mass of each component,
0.411 ± 0.131M⊙ and 0.236 ± 0.043M⊙ for the primary and the companion, respectively.
Whereas the recent evolutionary model (Baraﬀe et al., 2015, hereafter called BHAC15) sug-
gests the model-derived mass as 0.596± 0.035M⊙ and 0.161±0.035M⊙ based on the age and
the H-band luminosity. The masses derived by diﬀerent approaches are inconsistent espe-
cially as seen in the mass ratio (see the left panel of Fig. 6.1), indicating the mass-luminosity
relation for the GJ1108A system cannot be reproduced properly with the model. The age
is indeed one of the most uncertain stellar parameters. However if age misestimating of
GJ1108A system is assumed for the origin of the mass inconsistent, both components should
be over/underestimated. These clearly indicate that the deviation is probably coming from
theoretical models, and model-derived parameters have uncertainties. In the right panel of
Fig. 6.1, we derived the age of each object with the BHAC15 model using their luminosities
and dynamical masses. The model-derived age is averagely consistent with the age of the
Columba moving group.
6.2 Accretion history
Several studies have been indicated the importance of accretion histories before the quasi-
static contraction phase (e.g. Baraﬀe et al., 2009, 2012). Due to the diﬀerent types of accretion
mechanisms, initial conditions of young low-mass stars can be much diﬀerent from those
used in classical models. One of the most important subjects regarding accretion histories
is the balance between expansion and contraction for a protostar, which strongly depends
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on details of accretion processes. However the details are still remained very uncertain.
To quantitatively investigate the accretion eﬀect: the energy loss during the accretion onto
protostar’s surface, a free parameter α have been employed in Hartmann et al. (1997). The
increase of internal energy for protostar and the radiation at its surface are respectively
written as,
Eadd = αϵ
GM
R
M˙ (6.1)
Erad = (1− α)ϵGMR M˙ (6.2)
where G, M, R, and M˙ indicate gravitational constant, mass of protostar, radius of protostar,
and mass of accreted matter. The ϵ presents the fraction of internal energy retained in an
accretion disk, up to 0.5. In case of Eadd is dominant, a protostar will expand due to the
accreted energy and become brighter than non-accreted objects in the models, and hence
such accretion is called “hot accretion”. In the opposite case, a protostar becomes smaller
and fainter due to “cold accretion”. The threshold of α is obtained by the energy equation
(Eq.6 of Hartmann et al., 1997), and α of 0.1–0.2 have been assumed (Hartmann et al., 1997;
Baraﬀe et al., 2009).
Protostars obtain masses through accretions from surrounding interstellar medium includ-
ing a protostellar disk. It is natural to consider that the massive disk can be formed around
primaries rather than companions if they are separately formed. In such cases, the cold accre-
tion of cooled materials in a disk can be preferentially observed for primaries. As seen in Fig.
6.1, the model indeed underestimates mass (luminosity) of the primary and overestimates the
companion’s luminosity, corresponding to the cold and hot accretion, respectively if accretion
history is assumed for a origin of the deviation. Additionally, the cold accretion makes the
stellar radius smaller and stellar inner temperature higher, accelerating the lithium depletion
(Baraﬀe and Chabrier, 2010). The lithium abundance of GJ1108Aa seen in the equivalent
width at 6708 A˚ is indeed small, up to 10–20 mA˚ (Fig. 6.2). These two observed properties
of GJ1108Aa: the luminosity fainter than what evolutionary models predict and little lithium
abundance in the photosphere are consistent with the cold accretion theory.
6.3 Dynamical mass vs Model-derived mass
In order to understand the performance of present cooling evolutionary models, especially the
NIR luminosity evolution as a function of time, we collect information based on literatures,
and compare the dynamical masses with model-derived masses on Fig. 6.3. For the mass
comparison, we put three criteria for samples: (1) object whose mass is dynamically estimated,
(2) object whose age is well determined, and (3) object being on a cooling track. The former
two criteria are confirmed in the referred papers, and the third is theoretically identified in
Fig. 6.4. Please note several objects have not separately understood their masses of each
component. In this work, we simply employ those unresolved dynamical mass of astrometry
as samples for our mass comparison. Physical parameters of the literature-based samples:
broad-band luminosities, age, and dynamical mass are summarized in Table. 6.2.
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Figure 6.1 The left panel shows contour maps for the mass of GJ1108Aab derived from two
diﬀerent approaches. The solid, dashed, and dotted present 1, 2, and 3σ contours, respectively.
The lines indicate the total mass of GJ1108A system obtained by astrometry. The right panel
represents normalized probability distributions of model-derived ages based on the dynamical
mass and the BHAC15 cooling evolutionary model, in which input parameters, dynamical
mass and luminosities, are generated with the Monte-Carlo simulation. The blue and red
dotted lines are for the primary and the companion. Each solid curve presents the best-fitted
Gaussian function. The shadow region indicates the age of Columba association inferred in
previous studies (Torres et al., 2008; Marois et al., 2010; Malo et al., 2013; Bell et al., 2015).
The final goal of this study is to understand the young brown dwarfs and giant planets
with cooling evolutionary models, and we consider the mass comparison for M-dwarfs as pre-
works for them. On the other hand, for lower-mass objects, the non-grey atmosphere has to
be employed to reproduce the stellar structure properly as already inferred in Chabrier and
Baraﬀe (1997). These requires two criteria for theoretical models to verify in this work, (1)
wide mass range including both stars and brown dwarfs and (2) using non-grey atmosphere.
Stassun et al. (2014) reviewed several theoretical isochrones made by diﬀerent groups, from
which we selected an advanced model of the Lyon model (Baraﬀe et al., 1998, 2015). Others
do not satisfy the two criteria.
Using the Monte-Carlo simulation with N=103, we generated all data points and then
estimated an average oﬀset between the dynamical mass and the model-derived mass as
fractional errors. The absolute scatters were also obtained with a same approach. Although
the fractional oﬀset is less 10%, the number of AO-resolved young binary is still small, which
may make the mass comparison unreliable. To suppress the deficit, we randomly omit 10–50%
of samples and carried out the comparison described above. Consequently, results are almost
the same as the comparison with overall samples. These indicate the luminosity evolution for
low-mass stars are averagely well reproduced by the cooling evolutionary model of Baraﬀe
et al. (2015). The old version of their model, (Baraﬀe et al., 1998, hereafter BCAH98) is also
adopted for the mass comparison. Although BCAH98 has three model grids with diﬀerent
mixing length parameter, l/Hp=1.0, 1.5, and 1.9, the latter two grids do not have the mass
range for brown dwarfs, and we used only the grid of l/Hp=1.0 in this work. The fractional
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Figure 6.2 The lithium absoption of late K-type stars including GJ1108A at 6708 A˚ is shown.
From the top to the bottom, the nomalized spectra of a field star, the GJ1108A, a relatively
young star of 150 Myr, and a young star of 24Myr are presented.
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errors are estimated with a same approach for BHAC15, and we found the result is very
similar to the case of BHAC15. These are summarized in Table. 6.1.
6.4 Comparison with results of previous study
Stassun et al. (2014) investigated the performance of stellar evolutionary models including
BCAH98 using literature-based PMS eclipsing binaries whose isochronal age is spanned in
1–20 Myr. Using luminosity and eﬀective temperature, they estimated the model-derived
mass for 12 objects of 0.03–1.0M⊙ based on several evolutionary models, and then conducted
the mass comparison. For the BCAH98 model inferred as Lyon model in Stassun et al.
(2014), they found the model overestimate the true mass by 34.2±47.1 and 21.2±35.3% that
are dependent on the mixing length parameter. Although the large overpredictions may be
coming from the interactions with their other object, at this stage, it is diﬃcult to conclude
the origin of misinterpretation for the mass of PMS eclipsing binaries because there are
many possibilities: interactions with other objects, large individuality of PMS stars, and the
statistically insuﬃcient sample for instance.
Even though the mass of their sample is bit larger than ours (12 objects with 0.03–1.01
M⊙) and the method to obtain the model-derived mass is also diﬀerent, this work: the
mass derivation using the age and NIR luminosities for young AO-resolved binaries indeed
achieved higher accuracy (Tab. 6.1) and the luminosity decay along cooling tracks was also
seen (Fig. 6.4). Compared with PMS eclipsing binaries, our samples should be relatively free
from the interactions and elder brown dwarfs should forget initial events, implying that the
present theoretical isochrone better reproduces the mass of widely separated binaries. In both
studies with AO-resolved and eclipsing binaries, tertiary rates are high (Tab. 6.1). This also
suggests a tertiary does not apparently aﬀect for properties of these systems. To advance the
understanding of cooling evolutionary models, potentially for exoplanets discovered in near
future, increasing the number of orbital characterizations for benchmark stars including both
young eclipsing binaries and AO-resolved binaries should be very important.
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Table 6.1. Results of the mass comparison
Model set Mean oﬀset Scatter Method Mass range Nsample Tertiary rate Reference
Mmodel/Mdynamical Mmodel/Mdynamical M⊙
BHAC15 (J) -0.078±0.089 0.183±0.068 age and LJ 0.05–0.7 11 6/9 this work
BHAC15 (H) -0.046±0.077 0.172±0.051 age and LH 0.05–0.7 12 6/9 this work
BHAC15 (K) -0.099±0.074 0.191±0.057 age and LK 0.05–0.7 13 7/10 this work
BCAH98a(J) 0.018±0.085 0.160±0.065
BCAH98a(H) 0.009±0.077 0.166±0.055
BCAH98a(K) -0.057±0.077 0.185±0.054
BCAH98a -0.342±0.471 0.439 Teﬀ and L 0.03–1.0 12 5/7 Stassun et al. (2014)
BCAH98b -0.212±0.353 0.308
a[M/H]=0, lmix = 1.0Hp, and Y=0.275
b[M/H]=0, lmix = 1.9Hp, and Y=0.282
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Figure 6.3 The dynamical mass and model-derived mass based on BHAC15 model are com-
pared on these figures. Data points are referred from (Close et al., 2005; Konopacky et al.,
2007; Dupuy et al., 2009; Crepp et al., 2012; Dupuy et al., 2014; Azulay et al., 2015; Montet
et al., 2015; Crepp et al., 2016; Nielsen et al., 2016), and classified according to their age
as symbols with diﬀerent colors. To estimate the model-derived mass, J , H, and K-band
photometry are used in each panel (a), (b), and (c). The solid and dashed lines on those
show linear correlation of masses with a mean oﬀset and scatters. The panel (d) presents the
comparison among J , H, and K-band.
43
CHAPTER 6. DISCUSSIONS
10 100 1000
age [Myr]
4
6
8
10
12
14
M
J 
[m
ag
]
ABDorAb
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
10 100 1000
age [Myr]
4
6
8
10
12
14
M
H
 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
10 100 1000
age [Myr]
4
6
8
10
12
14
M
K 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HD4747b
HR7672b
V343Normaeb
10 100
age [Myr]
4
5
6
7
8
M
J 
[m
ag
]
ABDorAb
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
10 100
age [Myr]
4
5
6
7
8
M
H
 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
10 100
age [Myr]
4
5
6
7
8
M
K 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HD4747b
HR7672b
V343Normaeb
100 1000
age [Myr]
7.0
7.5
8.0
8.5
9.0
9.5
10.0
M
J 
[m
ag
]
ABDorAb
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
100 1000
age [Myr]
7.0
7.5
8.0
8.5
9.0
9.5
10.0
M
H
 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
100 1000
age [Myr]
7.0
7.5
8.0
8.5
9.0
9.5
10.0
M
K 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HD4747b
HR7672b
V343Normaeb
1000 10000
age [Myr]
11.0
11.5
12.0
12.5
13.0
13.5
14.0
M
J 
[m
ag
]
ABDorAb
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
1000 10000
age [Myr]
11.0
11.5
12.0
12.5
13.0
13.5
14.0
M
H
 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HR7672b
V343Normaeb
1000 10000
age [Myr]
11.0
11.5
12.0
12.5
13.0
13.5
14.0
M
K 
[m
ag
]
ABDorAb
ABDorBb
ABDorBa
GJ1108Ab
GJ1108Aa
GJ3305b
GJ3305a
HD4747b
HR7672b
V343Normaeb
Figure 6.4 Objects in Table. 6.2 are presented with cooling tracks of BHAC15 and BCAH98
models as solid and dashed lines, respectively. The left, middle, and right columns show the
tracks of J , H, and K-band, respectively. From the top to the bottom panel, diﬀerent range
for the age is adopted: 10-4000 Myr, 10-100 Myr, 100-1000 Myr, and 1-10 Gyr.
44
Table 6.2. Physical parameters for the comnparison of the dynamical mass and the
model-derived mass
Name Referencea distance age masstotal massprim masscomp separation tertiary
[pc] [Myr] [M⊙] [M⊙] [M⊙] [AU]
AB DorA ab C05 15.18±0.13 149+51−19b - 0.865±0.034 0.090±0.005 3.07±0.15 AB DorB
AB DorB ab A15 15.18±0.13 149+51−19b - 0.28±0.05 0.25±0.05 0.79±0.03 AB DorA
TWA 5A a+b K07 48.7±5.7c1 10± 3b 0.96±0.19 - - 3.21±0.45 TWA 5B
TWA 22 a+b B09 17.5±0.2c2 10± 3b 0.220±0.021 - - 1.77±0.04 -
HD 130948 b+c D09 18.17±0.11 790+220−150 0.109±0.003 - - 2.20±0.11 HD 130948
HR 7672 b C12 17.77±0.11 2400+600−700 - 1.08±0.04d 0.069+0.002−0.003 18.3+0.9−0.5 -
Gl 417 b+c D14 21.93±0.21 750+150−120 0.099±0.003 - - 2.85±0.03 Gl 417
GJ 3305 ab M15 29.43±0.30 24± 3b 1.10±0.04 0.65±0.05 0.44±0.05 9.78±0.14 51 Eri
V343 Normae ab N16 38.54±1.69 24± 3b 1.39±0.11 1.10±0.10 0.290±0.018 3.07±0.08 HD 139084B
HD 4747 b C16 18.69±0.19 3300+2300−1900 - 0.82±0.04d 0.060±0.003 16.4+3.9−3.3 -
GJ 1108A ab - 21.28±2.11 42+6−4b 0.655±0.173 0.411±0.131 0.236±0.043 3.54±0.32 GJ 1108B
aReference papers to determine the dynamical mass are shown, in which many of the parameters including distance, age, and the
luminosities are presented unless otherwise noted. Abbreviations indicate: C05 for Close et al. (2005), A15 for Azulay et al. (2015),
K07 for Konopacky et al. (2007), B09 for Bonnefoy et al. (2009), D09 for Dupuy et al. (2009), C12 for Crepp et al. (2012), D14 for
Dupuy et al. (2014), M15 for Montet et al. (2015), C16 for Crepp et al. (2016), and N16 for Nielsen et al. (2016).
bThe age of a moving group is employed, 149+51−19 Myr for AB Doradus, 10 ± 3 Myr for TW Hydrae, 24 ± 3 Myr for β Pictoris,
42+6−4 Myr for Columba (Bell et al., 2015).
c1The distance of stars in the TW Hydrae association is referred from (Ducourant et al., 2014).
c2The distance of TWA 22 is referred from (Teixeira et al., 2009).
dNon-dynamical mass determined by empirical tracks, or theoretically determined using spectroscopic results using such as SME
(Valenti and Piskunov, 1996; Valenti and Fischer, 2005).
eUnresolved 2MASS photometry for those systems (Cutri et al., 2003).
f1Photometric results are referred from (Janson et al., 2007).
f2Photometric results are referred from (Boccaletti et al., 2003).
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Table 6.2. Physical parameters for the comnparison of the dynamical mass and the
model-derived mass
Name mJ,prim mH,prim mK,prim mJ,comp mH,comp mK,comp
AB DorA ab 5.32±0.02e 4.85±0.03e 4.69±0.02e 10.76+0.19−0.24 10.04+0.13−0.15 9.45+0.12−0.15
AB DorB ab 8.17±0.02e 8.29±0.04f1 7.97±0.03f1 - 8.55±0.04f1 8.23±0.03f1
TWA 5A a+b 8.40±0.07 7.69±0.04 7.39±0.04 8.45±0.15 7.79±0.05 7.62±0.08
TWA 22 a+b 9.12±0.10 8.61±0.15 8.24±0.19 9.52±0.11 9.12±0.15 8.70±0.25
HD 130948 b+c 13.81±0.06 13.04±0.10 12.26±0.03 14.12±0.06 13.33±0.11 12.46±0.03
HR 7672 b 4.69e 4.43e 4.39±0.03e 14.39±0.20f2 14.04±0.14f2 13.04±0.10f2
Gl 417 b+c 15.05±0.04 14.19±0.05 13.29±0.03 15.49±0.04 14.45±0.06 13.63±0.03
GJ 3305 ab 7.67±0.02 7.01±0.05 6.80±0.02 8.64±0.02 8.00±0.05 7.73±0.02
V343 Normae ab 6.44±0.12 6.05±0.10 5.93±0.11 9.69±0.12 9.20±0.10 8.79±0.11
HD 4747 b 5.81±0.02e 5.43±0.05e 5.31±0.03e - - 14.36±0.14
GJ 1108A ab 7.37±0.02 6.74±0.02 6.55±0.03 9.34±0.05 8.74±0.04 8.55±0.03
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Summary for the performance of
evolutionary models
Orbital characterization of GJ1108A system is presented using high-resolution data of the
Subaru combined with archival datasets. The orbit is highly eccentric of e=0.634. The
timescale of Kozai-Lidov mechanism is indeed shorter than the age of GJ1108A system, 10-50
Myr, and hence the widely separated system: GJ1108B might work as a perturber. The
model-derived masses estimated by the age-luminosity relation of BHAC15 model are incon-
sistent with their dynamical masses, which cannot be explained by observational uncertainties
implying the current theoretical isochrones require including several eﬀects, the accretion his-
tory for instance. The cold accretion theory is consistent with the observed properties of
GJ1108Aa. Combined with literature-based samples, the performance of evolutionary models
is also discussed. Consequently, the BHAC15 model averagely reproduces the mass-luminosity
relation on cooling phase for low-mass stars including M-dwarfs and massive brown dwarfs.
The performance for AO-resolved binaries is a few times accurate than it for young eclips-
ing binaries, which may suggest that stars in very close binary system significantly interact
with the other at early stage of their evolution. However origins for the large deviation of
eclipsing binaries should not be currently concluded because the number of such benchmark
stars is still small and statistically insuﬃcient. It also should be noted that the approach to
obtain the model-derived mass is diﬀerent. The Gaia’s survey is going to reveal and precisely
characterize the low-mass population in the nearby region, young binaries of which will be
follow-up by ground-based high-resolution instruments for their orbital motions. Increasing
the benchmark stars enable to advance the understanding of the young stellar evolutions, and
extend to the cooling evolution of brown dwarf and giant planet potentially.
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Part II
The frequency of giant planets:
understanding their radial
distribution with high-contrast
imaging
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Chapter 8
Introduction for giant planet
frequencies of M-dwarf
8.1 Exoplanet observations
Since the discovery of 51 Peg b (Mayor and Queloz, 1995), about a few thousand exoplanets
have been detected by several methods. Some of them are very diﬀerent to the eight plan-
ets of the Sun, hot jupiter: super-Earth, and imaged planets, which have been giving new
observational insights for planet formation mechanisms. In order to understand the presence
of giant planet at diﬀerent locations, there are mainly two types of planet formation models,
core accretion and gravitational instability (Ida and Lin, 2004; Boss, 1997). In the former
model, giant planets are formed around/over the snowline (a few AU) of host star and then
inwardly/outwardly migrated to the observed locations of hot jupiters/imaged planets. In
contrast, gravitational instability models prefer wider cooler orbits for giant planet formation
because gaseous disk can be dominated by the self-gravity.
The core accretion model may be the standard for planet formation because a large number
of small (probably rocky) planets have detected by the wide-FoV transit survey of the Kepler
space mission (Borucki et al., 2010; Mullally et al., 2015). The dependence of giant planets
to stellar mass and metallicity also indicate the importance of dust component in a disk
(Johnson et al., 2010). Additionally, the number of imaged planets at wide orbit is very small
(e.g. Brandt et al., 2014b). However details of such models for giant planet formation are
still remained uncertain; for instance, the cutoﬀ radius where giant planets cannot be formed
is not determined well. As almost all the exoplanets were detected by indirect methods, the
presence of exoplanet at wider orbit of 10–20 AU (conservatively from 5 AU) is statistically
insuﬃcient, preventing from the conclusive issue for the radial distribution of giant planet.
Based on these problems, high-contrast imaging observations can contribute to understand
the frequency of giant planets at orbits of 10–20 AU. Although the previous-generation high-
contrast systems such as the combination of AO188 and HiCIAO did not have the sensitivity
for Jovian-mass planets at separations of less 1.0′′ (less 20 AU for stars at 20 pc) due to
imperfect corrections of stellar noise (e.g. Yamamoto et al., 2013; Brandt et al., 2014a),
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recent advanced AO systems so-called Extreme AO of high-resolution wavefront correction
in both space and time enables to conduct imaging search for lower-mass planets at those
regions. The current imaging surveys is approaching inner architectures of planetary system
with a few main objectives for exoplanets, (i) discovering new planets to increase the number
of samples and to advance the understanding of their properties: parameters of host star,
location, and frequency, (ii) spectroscopical and orbital characterizations for imaged planets,
and (iii) developments of more advanced system for future missions. Please note that the
former part of this thesis: understanding cooling evolutions for low-mass objects are essential
for characterization of imaged planets and these motivations of high-contrast imaging surveys.
8.2 Surveys for exoplanet search around M-dwarfs
In comparison to a solar-type star (main target of present search for exoplanets), an M-dwarf
is less massive, small, and faint, enabling exoplanets to be detected easier if observational
constraints can be ignored. Thanks to these factors, the radial distribution of giant planets
around M-dwarfs are relatively well established rather than solar-type stars in fact, especially
at intermediate range of 5–20 AU. Using RV measurements, the presence of giant planets at
wide orbit can be implied as long-term RV acceleration so-called TRENDS. The stellar mass
of M-dwarf is less than a half of a solar-type star, and the RV amplitude including TRENDS
becomes more than twice. The abundance of M-dwarf in the Galaxy should also be noted.
They are the most dominant population in the number density of our Galaxy (70–80%, e.g.
Henry et al., 2006), and hence many of the micro-lensing events occur for M-dwarfs. The
micro-lensing method has an advantage in statistical studies for exoplanets at Einstein radius,
which is complementary to inner surveys of RV and outer surveys of imaging, and can be
conducted for only M-dwarfs. In this section, the author details the surveys for exoplanet
search around M-dwarfs with several approaches.
With the radial velocity method using High Accuracy Radial Velocity Planet Searcher
so-called HARPS, Bonfils et al. (2013) have been conducted for the exoplanet search around
southern M-dwarfs, indicting that giant planets are less frequent within ∼3 AU as expected
from theoretical works (e.g. Laughlin et al., 2004). Whereas super-Earths seem to be very
abundant, which may be considered as the failed giant planets due to lack of initial disk
mass for planet formations. This is consistent with the results in Johnson et al. (2007, 2010).
For exoplanets at intermediate range, 3–10 AU, the micro-lensing survey is very sensitive.
Cassan et al. (2012) agreed with the tendency of planet population from RV, however they
found 17+6−9% of stars have Jovian planets at 0.5–10 AU, which is about ten times frequent
compared to those at inner orbits. The long-term RV monitoring of Montet et al. (2014)
might find this population at wide orbit as RV accelerations, which also suggests 6.5± 3.0%
of M-dwarfs host giant planets at 0–20 AU. Presently, these studies suggest giant planets
populate at wider orbits (Fig. 8.1). For 78 isolated M-dwarfs, high-contrast imaging search
for low-mass companions are conducted in the PALMS survey (Bowler et al., 2015). Although
the survey sensitivity is deeper than previous works, the frequency of giant planets at 10–20
AU, is still far from conclusive issue due to lack of the number of observed nearby young
M-dwarfs (<20 pc and <300 Myr) and the speckle noise coming from imperfect wavefront
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correction.
Clanton and Gaudi (2016) combined several survey results, and represented the radial
distribution of planet for M-dwarfs as an outer cutoﬀ radius, aout and a simple power-law
distribution,
d2Np
dlogmp dloga
= A
(
mp
Msat
)α( a
2.5AU
)β
(8.1)
= 0.21+0.20−0.15
(
mp
Msat
)−0.86+0.21−0.19( a
2.5AU
)1.1+1.9−1.4
, aout,hot = 10
+26
−4.7AU (8.2)
= 0.21+0.20−0.15
(
mp
Msat
)−0.85+0.21−0.19( a
2.5AU
)1.1+1.9−1.3
, aout,cold = 12
+50
−6.2AU (8.3)
where Np, a, mp, Msat, A, α, and β indicate the number of planet per star, semimajor axis,
mass of planet, saturnian mass, scaling factor, planetary mass dependence, and dependence
of radii where planet is located, respectively. They roughly mentioned that each survey
constrained diﬀerent points for the parameters in the distribution; micro-lensing for A and α,
RV for the inner limit of β and aout, and RV (TRENDS) for the outer limit of aout. Although
high-contrast imaging potentially can give observational constraint on the outer limit of β
and aout, the present upper limit of 10.3% (16.0%) in PALMS survey with hot (cold) start
models are comparable to the micro-lensing result of 17+6−9% at 0.5–10 AU, and are larger
than the TRENDS result of 6.5 ± 3.0% at 0–20 AU. Hence, as indeed indicated in Clanton
and Gaudi (2016), the present imaging surveys cannot significantly contribute to understand
the giant planet radial distribution of M-dwarfs.
8.3 Objective of this work
Giant planets should be a key to understand the formation and orbital migration of exoplanets.
Because their formation depends on several important parameters, initial disk mass, gas
depletion timescale, critical mass to induce rapid gas accretion, and location of snowline.
Since giant planets may have migrated from their birth places, searching for planets at not
only inner orbits of host stars but also outer orbits extended to the theoretical outer limit
of giant planet formation, 10–20 AU for M-dwarfs (e.g. Kennedy and Kenyon, 2008; Dodson-
Robinson et al., 2009) is important to understand their birth places and orbital evolutions.
At the present stage, M-dwarf is the most powerful tool to investigate the radial distribution
of giant planets.
In this work, the author focuses on high-contrast imaging search for exoplanets of M-
dwarfs as a complementary study for other surveys using diﬀerent methods, and discuss
possibilities for new detection of imaged planet around M-dwarfs and for constraints on the
radial distribution. The latter part of the thesis is organized as follows. The sample selection
methods and properties of selected stars are presented in Chap. 9. Data properties of observed
stars (archival data) and analysis for them are detailed in Chap. 10. Chapter. 11 shows
reduced images and their limiting magnitude curves. In Chap. 12, the author summarizes
the current constraints for the frequency of giant planets of M-dwarfs, and discuss the possible
future observational approaches.
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Figure 8.1 The current knowledge for the radial frequency of giant planets are shown. The
blue, green, and red points indicate the frequency obtained with RV, micro-lensing, and high-
contrast imaging observations in previous studies, respectively. The left panel presents the
radial distribution for solar-type stars, in which abbreviations are used to identify the referred
literatures: H10 for Howard et al. (2010), J07 for Johnson et al. (2007), C08 for Cumming
et al. (2008), L07 for Lafrenie`re et al. (2007a), N08 for Nielsen et al. (2008), and B14 for
Brandt et al. (2014b). The solid line indicates the distribution of Cumming et al. (2008) for
1.0Mjup, and the dotted line indicate its 68% uncertainty. It should be noted the frequency of
Brandt et al. (2014b) includes the massive brown dwarfs, up to 70Mjup. The right panel shows
the radial distribution for M-dwarfs. The solid line represents a distribution of Clanton and
Gaudi (2016) for 1.0Mjup, and vertical lines indicate an outer cutoﬀ radius and its uncertainty
based on a cold start model. The green point labeled CG14 is determined by the combination
of RV and micro-lensing. Abbreviations are used to identify the referred literatures: B13 for
Bonfils et al. (2013), J07 for Johnson et al. (2007), CG14 for Clanton and Gaudi (2014), C12
for Cassan et al. (2012), M15 for Montet et al. (2015), and B15 for Bowler et al. (2015). The
lower panels show each survey sensitivity in planetary mass.
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Chapter 9
Target Selection: nearby young
M-dwarfs
In order to detect lower-mass planets at inner orbits with high-contrast imaging, the
author presents the criteria for targets, especially for their distance and age. The distance
from the Sun is one of the most fundamental and important properties for a target of imaging
observations. Since nearby stars have advantages in search for faint companions at small
separation thanks to their natural accommodation of high spatial resolution imaging and to
the large apparent luminosity of any potential exoplanets (e.g. Mizuki et al., 2016).
In order to image exoplanets with present facilities, we have to focus on those around a
young stellar object. Owing to the sky background-limited observations in NIR wavelength,
the present 10m-class telescopes and their instruments cannot detect the scattered light from
any exoplanets and the thermal emission of cooled (old) exoplanets, 150K of the Jupiter for
instance (e.g., Fig.1 of Skemer et al., 2014). Planetary mass objects including brown dwarfs
and giant planets do not have mass enough to ignite hydrogen burning like stars and continue
to cool for a long time. In other words, planetary mass objects at very young stage of their
evolution are relatively bright and enough to detect with current facilities as inferred by
cooling evolutionary models (e.g. Chabrier et al., 2000a; Baraﬀe et al., 2003).
Estimating the age of young stars are feasible because their observational properties are
much diﬀerent from stars at main-sequence phase. To identify those young stars, searching
for stars being to young stellar groups: star forming region, open cluster, stellar association,
and moving group is the most reliable. Because theoretical isochrones have been developed
and reproduced photometric properties of stars on color-magnitude diagrams (e.g. Baraﬀe
et al., 2015; Bell et al., 2015). However the connection of low-mass stars to young moving
groups (YMG) is still developing. The number of such promised nearby young star is still
small, and many of those objects should be missing. Please also note, at least currently, any
stellar age estimation cannot exclude the knowledge of isochronal dating excepted for the age
of the Sun.
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9.1 Sample selection methods in this work
In the last few decades, several studies have suggested that the stellar age correlates with
observational indicators (Skumanich, 1972), and several indicators seen in observational ac-
tivities have been used for age-dating (Mamajek and Hillenbrand, 2008, and Chap. 3). All
sky surveys in high-energy wavelength i.e) X-ray and UV are useful to estimate the age of
M-dwarfs. Recently, using stars connected to young groups, Nu´n˜ez and Agu¨eros (2016) con-
firmed that the fractional X-ray luminosity of G to M-dwarfs decays following an equation,
Lx/Lbol ∝ t−a, a of which depends on the spectral type. To evaluate the age of M-dwarfs,
the author used the X-ray and UV luminosities as well as kinematical studies. The selected
nearby young (<20 pc and <300 Myr) samples are listed in Table. 9.1, 9.2, fundamental
parameters of which are taken from (Le´pine and Gaidos, 2011; Dittmann et al., 2014, and
references there in). The selections are briefly summarized as follows.
1. UV/X-ray selected M-dwarfs
As a high-energy selected sample, the author searched for nearby young M-dwarfs from
797 stars listed in Ansdell et al. (2015) that is based on the GALEX catalogue and
a large catalogue for nearby bright M-dwarfs (Le´pine and Gaidos, 2011). The 797
stars show significant excess in NUV compared with an empirical basal level, and many
of those are well characterized for their broad-band luminosities and parallax. The
author put further criteria for the sample of Ansdell et al. (2015). M-dwarfs showing
both NUV/GALEX and X-ray/ROSAT excess are first selected from the catalogue.
These activity levels are comparable or higher than low-mass stars in Pleiades. M-
dwarfs without Hα emission are omitted to exclude pairs of an M-dwarf and a white
dwarf. Known binary systems are also omitted. Since the fractional NUV luminosity,
RNUV =log(LNUV/LX), seems to saturate at < 230 Myr, ages are characterized by the
equation of X-ray decay in Nu´n˜ez and Agu¨eros (2016). Finally, 24 targets are obtained
with this selection. Please also see the detailed selection method using activities in App.
A.
2. Candidates to YMGs of kinematical studies
Kinematics is one of the most important method to find stars being in YMGs. Stars in
clusters (e.g., Pleiades) are further from the Sun and hence deep sensitivities at small
physical separation cannot be achieved. On the other hand, YMGs are widely expanded
and several tens stars of YMGs are potentially located at the solar vicinity. Thanks
to the advancing of statistical analyses and simulations, several studies have not only
determined stars to YMGs but also considered their uncertainties with complementary
observed features (e.g., UV/X-ray excess as mentioned above). The author selected 19
candidates to YMGs from Malo et al. (2013) and Klutsch et al. (2014). Eight stars
selected as activity-based samples are also connected to YMGs in the two works.
56
Table 9.1. Properties for the activity-selected samples
2MASS name RA(J2000) DEC(J2000) mR mH mK dtri ref.a dphot ageb YMGc observed RNUV RX
[degree] [degree] [mag] [pc] [pc] [Myr]
J00114913-5521515 LTT83 2.95473 -55.36434 12.4 8.72 8.50 - - 18.35 46 - - -5.86 -2.87
J00213729-4605331 GJ3029 5.40534 -46.09256 11.1d 7.73 7.45 19.31 VL07 15.27 12 - - -5.76 -2.51
J02001277-0840516 - 30.05327 -8.68105 11.7 8.14 7.87 15.38 R10 18.62 25 COL - -5.83 -3.04
J02085359+4926565 GJ3136 32.22342 49.44897 11.4 7.81 7.58 19.61 D14 15.87 85 ABD HiCIAO -5.71 -2.96
J02164119-3059181 GJ3148A 34.17154 -30.98842 10.9d 7.32 7.13 14.33 VL07 11.90 184 - - -5.90 -3.23
J02352261+2334308 GJ3166 38.84417 23.57520 12.7 8.94 8.71 14.08 D14 19.31 117 - - -5.46 -3.11
J03185824-3623346 LP943-72 49.74269 -36.39294 10.8d 7.63 7.39 20.16 VL07 17.39 194 - - -5.98 -3.25
J04353618-2527347 LP834-32 68.90080 -25.45971 11.4 7.65 7.41 - - 10.22 85 ABD HiCIAO -5.59 -3.21
J05334480+0156434 V371Ori 83.43668 1.94542 10.9 7.15 6.86 17.59 VL07+D14 12.82 94 - - -5.82 -3.05
J11155403+5519506 GJ3653 168.97517 55.33075 10.4 7.44 7.26 17.54 D14 19.61 128 - - -5.52 -3.14
J11314655-4102473 V857Cen 172.94394 -41.04646 10.4d 6.76 6.51 10.35 VL07 8.16 103 - - -5.70 -3.08
J11515681+0731262 - 177.98673 7.52396 11.3 8.14 7.89 14.29 M92 19.80 63 - NIRC2 -5.58 -2.95
J12483449+4933540 - 192.14377 49.56502 11.4 8.02 7.78 20.83 D14 15.97 50 - - -5.82 -2.88
J13193255-4245301 - 199.88567 -42.75836 11.0 8.02 7.76 - - 17.51 74 - - -5.76 -2.99
J15554234-1020015 - 238.92645 -10.33377 12.6 8.77 8.52 15.87 D14 18.21 94 - - -5.50 -3.05
J17080710+4829268 - 257.02957 48.49083 12.7 9.18 8.94 9.52 VA95 18.35 193 - - -5.86 -3.24
J17520294+5636278 - 268.01227 56.60772 12.6 8.62 8.38 21.74 M92 19.80 85 ABD - -5.76 -3.25
J20284361-1128307 L755-19 307.18176 -11.47523 11.3 7.76 7.50 16.13 D14 14.22 40 ARG HiCIAO -5.77 -3.15
J20433453+2407407 - 310.89386 24.12800 10.6 7.62 7.40 21.74 D14 16.67 17 BPC - -5.67 -2.96
J20450949-3120266 AUMic 311.28967 -31.34085 9.1d 4.83 4.53 12.28 VL07+D14 5.83 17 BPC many -5.79 -2.94
J21073678-1304581 - 316.90326 -13.08283 11.7 8.10 7.84 14.49 VA95 14.43 17 BPC - -5.73 -3.06
J22515348+3145153 GTPeg 342.97299 31.75422 11.1 7.13 6.87 19.46 VL07+D14 10.92 105 - NIRI -5.78 -3.08
J23292346+4128068 GJ4337A 352.34778 41.46858 10.8 7.33 7.07 20.49 NSTA+D14 13.21 25 - NIRC2 -5.76 -2.80
aReference papers to determine the trigonometric parallax of targets are presented as: VL07 for van Leeuwen (2007), R10 for Riedel et al. (2010), D14 for Dittmann et al.
(2014), M92 for Monet et al. (1992), VA95 for van Altena et al. (1995), NSTA for ), and S12 for Shkolnik et al. (2012). If a target has several measurements for its parallax, an
averaged value is simply employed.
bThe age of a young moving group, in which a star belongs to is presented. Based on the X-ray activity decay (Eq. A.3.), the age is estimated for stars not connected to any
MGs yet.
cThe MGs are presented as abbreviations of: COL for Columba, ABD for AB Dorudos, ARG for Argus, BPC for β Pictoris, CAS for Castor, and UMa for Ursa Major, and
for the age of YMGs are considered as: 25 Myr for Columba, 85 Myr for AB Dorudos, 40 Myr for Argus, 17 Myr for β Pictoris, 200 Myr for Castor, and 300 Myr for Ursa Major
(Montes et al., 2001; Zuckerman and Song, 2004; Malo et al., 2013, and the BANYAN web tool).
dZacharias et al. (2012)
Note. — The table for the samples selected with high-energy activities.
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Table 9.2. Properties for the samples of kinematics
2MASS name RA(J2000) DEC(J2000) mR mH mK dtri ref. dphot age YMG observed
[degree] [degree] [mag] [pc] [pc] [Myr]
Malo et al. (2013)
J03214689-0640242 GJ3218 50.44537 -6.67339 10.3 7.28 6.98 - - 18.66 40 ARG -
J04522441-1649219 LP776-25 73.10171 -16.82275 10.9 7.15 6.89 - - 11.60 85 ABD NICI
J09445422-1220544 G161-71 146.22592 -12.34844 12.9 7.92 7.60 - - 7.56 40 ARG NIRC2
J10285555+0050275 GJ393 157.23146 0.84101 8.7 5.61 5.31 11.46 VL07+D14 7.64 85 ABD HiCIAO
J11200609-1029468 LP733-99 170.02537 -10.49633 10.3 7.21 6.97 - - 14.58 40 ARG -
J12233860-4606203 - 185.91083 -46.10564 12.8 8.94 8.70 - - 16.26 40 ARG -
J13382562-2516466 - 204.60675 -25.27961 12.1 8.03 7.78 - - 19.53 40 ARG -
J23301341-2023271 GJ1284 352.55587 -20.39086 10.1 6.61 6.33 16.21 VL07 9.11 17 BPC -
J23320018-3917368 - 353.00075 -39.29356 12.7d 8.26 8.02 - - 19.23 85 ABD -
J23323085-1215513 - 353.12854 -12.26425 10.3d 6.77 6.57 - - 15.87 17 BPC HiCIAO
J23512227+2344207 G68-46 357.84279 23.73908 12.7 9.08 8.82 20.83 D14 19.61 17 BPC NIRC2
J23555512-1321238 G158-8 358.97967 -13.35661 12.6 8.70 8.43 - - 19.23 40 ARG -
Klutsch et al. (2014)
J01592349+5831162 GJ82 29.84792 58.52117 11.8 7.22 6.96 18.94 VL07+D14 8.53 120 Pleiades NIRI
J03472333-0158195 G80-21 56.84721 -1.97208 10.6 7.17 6.93 16.13 VL07 12.87 85 ABD NICI
J04141730-0906544 - 63.57208 -9.11511 12.8 9.06 8.76 - - 18.12 85 ABD -
J07382951+2400088 - 114.62300 24.00244 12.8 8.35 8.12 18.87 S12 10.24 200 CAS HiCIAO
J10193634+1952122 GJ388 154.90146 19.87006 8.6 4.84 4.59 7.73 VA95+D14 3.35 200 CAS HiCIAO
J18021660+6415445 G227-22 270.56917 64.26239 12.3 7.96 7.65 8.47 D14 8.40 300 UMa NIRC2
J23545147+3831363 - 358.71446 38.52675 12.4 8.35 8.09 15.87 D14 13.44 300 UMa NIRC2
dZacharias et al. (2012)
Note. — The table for the samples selected with recent kinematics studies.
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Chapter 10
Image reduction and analysis for
high-contrast imaging data
In this chapter, the author details the image reduction procedure for high-contrast imaging
archival data with each facility: Subaru/HiCIAO, KeckII/NIRC2, and Gemini-S/NICI. Those
data usually passed the standard image reduction processes including deviant pixel correction,
flat fielding, background subtraction, and distortion correction. After the procedures, the
centroid was registered, and the PSF of host stars and their speckle noises were subtracted.
The archival data properties are summarized in Table. 10.1
10.1 Subaru telescope and HiCIAO
Seven objects listed in Table. 9.1, 9.2 have observed with the combination of HiCIAO camera
and AO188 (Hayano et al., 2008, 2010; Suzuki et al., 2010) as a part of SEEDS and PALMS
surveys (Tamura, 2009; Bowler et al., 2015). A host star was employed as a natural guide
star of adaptive optics. All science frames were obtained, using NIR broadband filters (H-
band or K-band) and Angular Diﬀerential Imaging observing mode (Marois et al., 2006). A
coronagraphic mask was also used for several targets. Unsaturated frames were taken with a
neutral density filter just before and/or after the science sequence to understand their PSF
profile.
For the common data reduction of HiCIAO images, the author first corrected the stripe
pattern of the raw image. The pattern has two components; 32 horizontal features correspond
to diﬀerent readout segments, and there are also 64 thin vertical stripe features. For each
individual science frame, the author measured and modeled these patterns using portions of
the image separate from the host and free of celestial sources. The modeled patterns were
then subtracted. For the de-striped frames, the author carried out deviant pixel correction,
flat fielding, and distortion correction.
Generally, a host star is very bright and hence the centroid registration must be conducted
without knowing the profile of PSF core, which makes the registration of high-contrast imaging
uncertain. In this work, to obtained deeper sensitivities, the diﬀerent registration methods
for each object are employed from the one of followings. (a) If the unsaturated sequences
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were conducted both just before and after the science sequence, the centroid of unsaturated
frames was registered by the Gaussian fitting, and the centroid shifts on the detector in the
science sequence were predicted from a two-order polynomial (or linear) fitting for reference
centroids. (b) If an unsaturated sequence was taken and just after or before the sequence,
the most nearby science frame to the unsaturated sequence was set as a reference frame,
the centroid of which was predicted from the unsaturated frames, and frame-to-frame shifts
were calculated by a cross-correlation of speckle patterns. (c) In case of that unsaturated
frames were obtained at diﬀerent position on a detector to science frames, the N/2 frame (N
is the number of science frames) was flipped and cross-correlated to the original one, and its
centroid was registered. The frame-to-frame shifts were calculated by a cross-correlation as
same as the pattern (b).
After the registration, the mean PSF profile was modeled and then subtracted. Following
the PSF subtraction, residual local noise was subtracted using the LOCI-ADI (Lafrenie`re
et al., 2007b). For the parameters of LOCI: Nδ, NA, g, and dr, we used 0.5, 300, 1.0, and 5
(50 at outer radii of r > 1.0′′), respectively. In this work, LOCI-ADI subtraction is employed
for all datasets, not only those with Subaru/HiCIAO but also the data with KeckII/NIRC2
and Gemini-S/NICI. As the images were obtained with ADI mode, the position angle oﬀset
of HiCIAO ADI mode, 180 degree, is also calibrated, and the author aligned the y-axes of
each frame to celestial north and median combined to a final image. For the photometric
calibration, unsaturated images of each object with the neutral density filter were used.
10.2 KeckII and NIRC2
Six objects have observed in the PALMS survey using KeckII/NIRC2, the data of which have
already calibrated with the KOA pipeline including deviant pixel correction, dark subtraction,
flat fielding, and distortion correction. Observations were conducted with broad-band filters
and ADI mode. Diﬀerently from HiCIAO data, a coronagraphic mask whose diameter is 0.6′′
was used for all targets. The NIRC2 coronagraphic mask is not completely opaque but 0.12,
0.12, and 0.22% of transparence for J , H, and K-band, respectively. The attenuated PSF of
a host star can be fitted with Gaussian function, which is useful for their image registration
and photometric calibration. The author downloaded those calibrated data, and carried out
image reduction procedures: sky subtraction, centering, PSF subtraction, speckle subtraction
with LOCI, and de-rotation as described above for HiCIAO data. Images of NIRC2 has an
instrumental oﬀset for their sky position angle, which was calibrated based on several header
keywords.1
10.3 Gemini-South and NICI
An object of the sample has observed in the NICI campaign. NICI is a high-contrast imag-
ing instrument of Gemini-S for exoplanet search with the combination of ADI and Spectral
(Simultaneous) Diﬀerential Imaging mode (Racine et al., 1999). For processing, the author
1https://www2.keck.hawaii.edu/inst/nirc2/nirc2 ao.html#pa
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first used the IDL-based procedure NICI FIXWCS.pro to correct the known errors of NICI
WCS, which are provided at the website of Gemini/NICI2. Data processing including dark
subtraction, deviant pixel correction, flat fielding, sky subtraction, and distortion correction,
was performed as similar to those of HiCIAO data. Several calibration data in the website
were used. The F0.32 occulting mask of NICI used for the observations is an apodizing mask
whose transmittance is nearly constant3, 1/300 at 0.1-0.2” radius from the center of the oc-
culting spot. The PSF core was fitted with the Gaussian function and registered. The oﬀset
of position angle between channels, 1.1 degree was also calibrated (Hayward et al., 2014).
Since SDI has advantages in the subtraction for fast atmospheric speckles, the author first
performed SDI-based PSF subtraction following the method applied in previous studies (e.g.,
Maire et al., 2014; Mizuki et al., 2016). This involves matching the host star PSF patterns in
CH4L to those in CH4S. The radial positions of the speckle patterns vary proportionally with
wavelength and the author found the ratio to be CH4L/CH4S=1.05 for this case. After the
(blue) channel – (red) channel subtraction, the author performed the LOCI-ADI subtraction
and de-rotated reduced frames following the header information (Hayward et al., 2014). For
photometric calibration, a host star in the masked sequence was used with an assumption
that host stars have the same average flux density per unit wavelength in the narrowband as
it does in the broadband (H-band).
10.4 Detection sensitivity
To estimate the detection sensitivity for the reduced images, the author measured noise
levels as a function of angular radii from the host star. Since neighboring pixel counts may be
correlated owing to image processing steps such as centering, the reduced image was convolved
with a photometric aperture (r=FWHM). On the convolved images, the count distribution
on each radii was fitted by the Gaussian function whose standard deviation is considered a
1.0σ limiting magnitude.
The LOCI algorithm can unfortunately subtract portions of true celestial sources while
removing the unwanted parent star signal, and the eﬀect is more significant at inner radii
owing to the presence of speckle noise that may resemble true point sources. To estimate the
degradation level due to the eﬀect and the self-subtraction of ADI procedure, several artificial
signals generated with the Gaussian profile, whose FWHM is same as in those observations,
were embedded in reduced frames before LOCI-ADI subtraction. The typical degradation
factor was obtained by measuring the flux of artificial signals before and after LOCI-ADI
subtraction. A correction factor was then applied to all limiting magnitudes,
Limiting magnitude = mzero − 2.5log( nσ(r)
1− ψ(r)). (10.1)
Here, n, σ(r), andψ(r) indicate the detection threshold, noise level, and correction factor of
each radii. The attenuations in SDI-based PSF subtraction are not considered in this work.
2https://www.gemini.edu/?q=node/10237
3https://www.gemini.edu/sciops/instruments/nici/imaging/focal-plane-masks
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Table 10.1. Archival data properties
2MASS name Instrument Filter Obs Mode Dmask Nframe tframe ttotal θrot FWHM Date
[arcsec] [sec] [min] [degree] [mas] yyyy-mm-dd
J04522441-1649219 LP776-25 NIRI - - - - - - - - -
J09445422-1220544 G161-71 NIRC2 H ADI 0.60 39 60 39 61.2 43.6 2011-11-16
J10285555+0050275 GJ393 HiCIAO H ADI - 118 10 20 28.8 63.1 2011-01-28
J23323085-1215513 - HiCIAO H ADI - 122 20 41 23.2 54.0 2011-08-03
J23512227+2344207 G68-46 NIRC2 K ADI 0.60 40 60 40 14.9 53.2 2012-08-23
J01592349+5831162 GJ82 NIRI - - - - - - - - -
J03472333-0158195 G80-21 NICI CH4S+CH4L ADI+SDI 0.32 45 60 45 21.8 56.7 2009-01-18
J07382951+2400088 - HiCIAO K ADI 0.30 40 60 40 20.4 70.8 2011-11-27
J10193634+1952122 GJ388 HiCIAO H ADI - 105 15 26 2.2 63.1 2012-05-16
J18021660+6415445 G227-22 NIRC2 H ADI 0.60 30 60 30 17.9 49.8 2010-08-17
J23545147+3831363 - NIRC2 H ADI 0.60 40 60 40 21.6 42.4 2011-08-20
J02085359+4926565 GJ3136 HiCIAO K ADI 0.30 40 60 40 17.6 68.2 2011-11-27
J04353618-2527347 LP834-32 HiCIAO K ADI 0.30 40 60 40 16.0 106.7 2011-12-28
J11515681+0731262 - NIRC2 H ADI 0.60 20 60 20 11.2 42.9 2012-05-22
J20284361-1128307 L755-19 HiCIAO H ADI 0.30 18 60 18 19.4 60.1 2012-05-10
J20450949-3120266 AUMic many - - - - - - - - -
J22515348+3145153 GTPeg NIRI - - - - - - - - -
J23292346+4128068 GJ4337A NIRC2 H ADI 0.60 42 5 42 17.0 43.0 2010-08-18
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Chapter 11
High-contrast imaging results
In this chapter, the author shows a high-contrast image and its signal-noise map for an
object as an example. Images for all the objects are represented in App. B. Although several
companion candidates can be seen in the figures, they are background stars as determined
in (Brandt et al., 2014a; Bowler et al., 2015). Detection sensitivities are also presented as a
function of radial distance from a host star.
Figure 11.1 The left presents a high-contrast image for GJ4337A in linear scale from -10σ to
+10σ of background noise level. The image is aligned to north is up and east is left with 5.0′′
field of view. The right shows a signal-noise map of the left image convolved with r=2pix
Gaussian aperture in ±5σ range. A white circle is 10 AU of projected separation
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Figure 11.2 As a function of angular separation from a host star, the limiting magnitude
curves are presented. The blue and red curves indicate the data obtained with H and K-
band filters, respectively. In this work, a thick line is considered as a typical sensitivity curve
of conventional AO without suﬀering any significant background stars. Their inner working
angles are determined by a coronagraphic mask or by the rotation angle during the science
exposures.
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Chapter 12
Discussions: the frequency of giant
planets
12.1 Detection sensitivity in planetary mass
To characterize the mass of imaged exoplanets, the cooling evolutionary models for exoplanets
are required such as COND model (Baraﬀe et al., 2003) that is one of the most widely
used model. Those classical evolutionary models arbitrary set a initial states of young giant
planets, and calculate their evolution of luminosity, temperature, and radii based on the
stellar physics: nuclear reaction at the core, internal structure including energy transfer with
radiation and convection, and atmospheres depending on opacities. These assumptions well
reproduce stellar properties on color-magnitude diagrams, and may be correct for planetary
mass objects like brown dwarfs and exoplanets formed via the gravitational instability model
(Boss, 1997).
On the other hand, Marley et al. (2007) indicated that giant planets formed through
the core accretion processes should have lower energy after the gas-accreting stage, 2.5 Myr
in their model. Because the potential energy of accreting gas are radiated away through
the runaway accretion. They also gave a possibility that many of imaged exoplanets such
as 2M1207b have been formed via core fragmentation or gravitational instability. It is still
uncertain and diﬃcult to conclude which model, hot or cold start is correct, because the
validation with dynamical mass estimation cannot be conducted due to the small number of
imaged planets and their long orbital periods. In this work, the author simply employs two
types of cooling evolutionary models for exoplanets, COND model as a hot start and the
model grid of Fortney et al. (2008) as a cold start.
12.2 Detection probability and upper limit
In this work, the author focuses on the frequency of giant planets at inner orbit for high-
contrast imaging, which strongly requires estimating the detection probability due to orbital
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configuration to the Sun and the orbital phase. In order to estimate the probability, the pro-
jected separation of a planet is generated with Monte-Carlo simulations (N=103), in which
the input parameter is semimajor axis with circular orbits. The position angle of the as-
cending node, orbital inclination, argument of periastron, and the orbital phase are randomly
generated. Then the probability, whether a planet at a semimajor axis with a mass is larger
than the detection sensitivity, is determined. Detection probabilities for each star is shown
in B.
All the detection probabilities are stacked into a final map, meaning the number of ex-
pected planet detections if every stars have a planet on each grid. To understand the detection
probability in terms of upper limit for the giant planet frequency, the author employs a method
detailed in Nielsen et al. (2008). The number of giant plants expected to be detected is given
by the expression,
N(a,Mp) =
Nsample∑
i=0
fp(a,Mp)Pi(a,Mp) (12.1)
where a, Mp, Nsample, fp, and Pi indicate semimajor axis, planetary mass, the number of
observed stars, frequency of giant planet, and detection probability of a planet, respectively.
Please note, the frequency of giant planet is assumed to be same for every target. The
author assumes Poisson distribution for the detection probability, P = eλλk/k! where λ and
k respectively indicate the number of giant plants expected to be detected and the number
of observed planets. The null result gives k = 0 to the equation that becomes P = eλ. Then
the probabilities of the null result are 26.8, 13.5, and 5.0% for λ =1, 2, and 3, respectively.
Hence the upper limit with 95% confidence level for the frequency of giant planets is written
as,
fp(a,Mp) ≤ 3∑Nsample
i=0 Pi(a,Mp)
. (12.2)
The observed upper limit for the frequency of giant planets in a-Mp space is represented in
Fig.12.1.
In order to discuss the frequency of giant planets in a–fp space as Fig. 8.1, the upper
limit map is converted into a curve as a function of semimajor axis. The author assumed the
mass function obtained with the micro-lensing survey (Cassan et al., 2012),
MF(Mp) = 10
−0.62±0.22
(
Mp
0.3Mjup
)−0.73±0.17
, (12.3)
and planets were generated following the MF of giant planets. The author simply employed
the MF of 0.5-10 AU, however it is indeed possible that MF depends on semimajor axis (e.g
Montet et al., 2014). The radial detection probabilities and upper limits are determined as
similar to the method described for maps. The upper limit curves are presented in Fig. 12.6.
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CURRENT IMAGINGS
12.3 Reconfirmation for the planet frequency of M-dwarfs with
current imagings
The upper limit curves based on Fig.12.1 are compared with results of other surveys (Fig.
12.3). That upper limits are comparable to the result of Bowler et al. (2015) because many
targets (10/18) are overlapped to those in PALMS survey. It is confirmed that the upper
limits for giant planets focused on 10–30 AU is still statistically insuﬃcient to understand
the populations at wide orbits indicated by results of micro-lensing and RV TRENDS. The
Fig.12.2 presents the upper limits same as Fig.12.1 in case of that all samples in Table. 9.1,9.2
are observed with conventional AO systems, which also suggests an AO for general purposes
such as AO188 is not sensitive to detect any lower-mass giant planets at 10–20 AU orbits,
unless the planetary frequency is very high, over a few tens percent. Therefore ExAOs are
therefore strongly desired.
Figure 12.1 The left shows a upper limit for the frequency of giant planet at a grid point in
a-Mp space with the hot start model (Baraﬀe et al., 2003), and the right is with the cold start
model (Fortney et al., 2008). The solid, dotted, and dashed curves indicate contours for 10,
25, and 50% upper limits, respectively.
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Figure 12.2 For the case of all the samples are observed with a typical limiting magnitude
curve, upper limits for the frequency of giant planet are shown with a same manner of Fig.
12.1.
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Figure 12.3 The upper limit curves for the frequency of giant planet are represented. The
solid and dotted curves respectively indicate the upper limit with observed sample and all
the sample using conventional AO systems. The blue and red correspond to cases using a hot
start model and a cold start model, respectively.
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12.4 Simulated survey using the samples and ExAO contrast
curve
In this section, the author discuss the possibilities to detect low-mass giant planets and to
put constraints on the upper limit by increasing observed samples and using next-generation
high-contrast instruments, extreme AO. Using the Exposure Time Calculator of SPHERE1,
for parameters of the which an M-dwarfs of M3V, H=8mag, median seeing, Dual Band
Imaging with a coronagraph, and one hour integration time of 64 seconds exposure time
are assumed, the author made a typical contrast curve of extreme AO (Fig.12.4). With the
simulated limiting magnitude curve, the upper limits are estimated with a same manner of
Fig. 12.2 (Fig. 12.5). As seen in the figure, ExAOs are very eﬀective to search for low-mass
giant planets at 10–20 AU compared with the classical AOs.
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Figure 12.4 The curves ofH-band limiting magnitude are presented as solid and dashed curves
for conventional AO and extreme AO, respectively. The sensitivity with ExAO is calculated
by the ETC of SPHERE.
1http://www.eso.org/observing/etc/bin/gen/form?INS.NAME=SPHERE+INS.MODE=IRDIS
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Figure 12.5 For the case of all the samples are observed with high-contrast instruments of
ExAOs, upper limits for the frequency of giant planets are shown with a same manner of Fig.
12.1.
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Figure 12.6 The upper limit curves for the frequency of giant planets are represented with a
same manner of Fig. 12.3. The dashed curve indicate the upper limit with all the sample
using extreme AO system.
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12.4.1 Frequency of giant planets
The radial distribution of giant planets around M-dwarfs has been determined by various
complementary methods (Fig. 8.1): RV measurements (Bonfils et al., 2013; Montet et al.,
2014), gravitational micro-lensing (Cassan et al., 2012), and high-contrast imaging (Bowler
et al., 2015). The upper limits obtained with archival datasets in this work are comparable to
the result of Bowler et al. (2015) because the majority of those datasets (10/18) were taken
in the PALMS survey. The author confirms that the upper limits for giant planets focused
on 10–30 AU is still statistically insuﬃcient to understand the populations at wide orbits.
Increasing the number of sample is also eﬃcient, in which however speckle noises are still
dominant at less 20 AU. If we observe all the sample using extreme AOs, the upper limit at
10–20 AU can be smaller than the micro-lensing result of 0.5–10 AU and comparable to the
TRENDS result of 0–20 AU (Fig. 12.6). The stronger constraints of 8.2%(10.5%) with hot
(cold) start models will help to reveal the radial distribution of giant planet around M-dwarf
clearly.
12.4.2 Expected number of exoplanet detections
The author calculates the number of exoplanets expected to be detected in the simulated
survey using extreme AO systems. The cumulative number of exoplanet detections is obtained
from
Ndetection(a) =
13Mjup∑
Mp=1Mjup
fp[a,MF(Mp)]×N(a,Mp) (12.4)
where fp[a,MF], MF(Mp), and N(a,Mp) indicate frequencies of giant planet, mass function
ranging in 1–13Mjup, and detection maps of Fig. 12.5, respectively. The frequencies of
0.5–10.0 and 0-20 AU are respectively referred from Cassan et al. (2012) and Montet et al.
(2015), in which a radial dependence is assumed to be flat. The mass function is coming
from Eq. 12.1 (Cassan et al., 2012). In many cases, Ndetection is smaller than one in the
simulated survey. Fig. 12.7 shows the cumulative number of exoplanet detections in 0.5–10.0
AU and 0–20 AU using evolutionary models. Horizontal lines indicate the averaged Ndetection
in each range, Ndetection,mean=0.89 (0.54) at 0.5-10.0 AU based on hot (cold) start models and
Ndetection,mean=0.58 (0.40) at 0–20 AU in the same way. Please note that a giant planet will be
detected within 10 AU, if giant planets tend to distribute at wider orbits and hot start models
can be adopted because the Ndetection,mean becomes larger than one in such cases. The radial
frequency is considered to increase up to the outer cutoﬀ radius, aout,hot = 10
+26
−4.7 (Clanton
and Gaudi, 2016). Hence a detection of giant planet around M-dwarfs with high-contrast
imaging is not impossible.
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Figure 12.7 As a function of semimajor axis, the cumulative numbers of exoplanet detection
are presented. Solid and dashed curves use giant planet frequencies of Cassan et al. (2012)
and Montet et al. (2014), respectively. Horizontal lines show an averaged Ndetection for each
region. Blue and red colors respectively represent a hot and a cold start model.
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Chapter 13
Summary for giant planet
frequencies of M-dwarf
M-dwarfs have advantages in detections of giant planets at relatively large radii, 5–20 AU.
The radial distribution of giant planets is well established for M-dwarfs. However the upper
limits of >10–20 AU obtained by high-contrast imaging observations are still insuﬃcient
in both sensitivity and statistic for strong constraints as well as a planet detection. The
author gathered nearby young M-dwarfs as targets for a imaging search of self-luminous
planets. The targets are coming from a few criteria, high-energy (UV and X-ray) selected
sample using GALEX and ROSAT and kinematics in previous studies. About 20 of 42 stars
have already observed with high-contrast instruments: Subaru/HiCIAO, KeckII/NIRC2, and
Gemini-S/NICI, for which the author reduced and evaluated detection sensitivities. It is
reconfirmed that the number of observed nearby young M-dwarfs and the contrast curves
of conventional AO systems are indeed insuﬃcient to advance the understanding an outer
architecture of planetary systems around M-dwarfs. The author simulated the case of that
the entire sample are observed with extreme AO, resulting in the deeper upper limits of less
10% at 5–20 AU. However, even if we observe the sample and establish stronger constraints
with high-contrast imaging, the radial distribution is far from conclusive issue. Because there
are still many problems in the determinations of planetary frequency; the origin of radial
velocity acceleration is not identified, the micro-lensing results has large uncertainties, and
the model dependence of self-luminous planets is not negligible for current high-contrast
imaging observations. As future prospects, several advanced facilities will be available in the
next decade such as JWST, WFIRST, and TMT. A large number of exoplanet detections and
characterizations with their deeper sensitivities can be expected, which is going to reveal the
formation and evolution of planetary systems.
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Chapter 14
Summary of the thesis
A few thousand exoplanets have been found by several complementary methods. For
mainly solar-type and more massive stars, high-contrast imaging observations have detected
giant planets at wide orbits and estimated their frequencies. Giant planets at large radius
are indeed important because planets can be radially migrated from their birthplaces and for
constraints on the gravitational instability theory. However there is a gap between sensitiv-
ities of radial velocity and high-contrast imaging in the radial distribution of exoplanets. In
addition, the number of nearby young FGK stars may be insuﬃcient to detect self-luminous
planets and to put strong constraints on their frequency for current imaging instruments and
techniques. M-dwarfs are the most abundant population in the solar vicinity and the Galaxy,
enabling the statistical studies of the gravitational micro-lensing method to understand the
gap region. Their physical properties, mass and luminosity also allow searching for lower
mass planets by radial velocity measurements and high-contrast imaging, respectively.
The author of the doctor thesis has studies for giant planets around M-dwarfs to un-
derstand their radial distribution as well as the formation and evolution of exoplanets with
their host stars. In the latter part, the current observational knowledge for the frequency of
giant planets around M-dwarfs is summarized. Gathering archival datasets of nearby young
M-dwarfs satisfying criteria to achieve down to a Jovian mass sensitivity, the author recon-
firmed the insights by the imaging observations for M-dwarfs is still insuﬃcient due to both
the sensitivity of conventional AO systems and statistics. For the sample selected above, the
author simulated a survey using a contrast curve of the extreme AO system (SPHERE). Even
without any detections, the upper limits obtained in the simulated survey becomes compara-
ble to the results of micro-lensing and long-term RV monitoring surveys, which should give
significant contributions for the radial distribution. Depending on several conditions, true
radial distribution of giant planets and evolutionary models, the number of giant planets ex-
pected to be detected changes; whether Ndetect is larger than one or not. In order to advance
the understanding planet formation and evolution, not only searches for new exoplanets but
also calibrations for evolutionary models are essential for the imaging study of lower-mass
objects.
In the former part of the thesis, the cooling evolution for young low-mass stars is focused.
In order to calibrate evolutionary models, imaged planets discovered so far are not adequate
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because of the small samples and long orbital periods to resolve their orbits for the dynamical
mass estimation. The number of age-dated brown dwarfs is also still poor. We recognized
the importance of young low-mass stellar binaries. Although they have diﬀerent properties
compared with brown dwarfs and giant planets in structure and apparent properties, several
important stellar physics: equation of state, treatment of convection and molecular opacity
for instance, should be shared. Hence understanding of the stellar cooling evolution is one of
the important steps for exoplanetary studies. The orbital characterization of such a young
low-mass system, GJ1108A is presented. We found the cooling evolutionary models did not
reproduce the mass-luminosity relation of the system properly, and clarified that the model
still has uncertainty in the cooling phase due to several possibilities, accretion history for
instance. Combined with literature-based objects, we discussed the performance of the cooling
evolutionary models. Consequently, the current model averagely reproduce the mass of low-
mass objects without any significant oﬀsets, less 10%, which is a few times accurate compared
with a similar test using young eclipsing binaries. However the mass (NIR luminosities) of
GJ1108Aa is prominently deviant from what models predict. The cold accretion theory is
preferred to explain the faintness of GJ1108Aa, which also consistent with the small lithium
abundance seen in the spectroscopic observations for the system.
As a global prospects, advanced telescopes are going to be available, a few tens me-
ters ground-based observatories (TMT, GMT, and ELT) and several meters space telescopes
(JWST, WFIRST, and SPICA). Those will deeply reveal the stellar and planetary astro-
physics with advanced resolutions and sensitivities. Second-earths may also be discovered
and characterized within a few decades. Since the discovery in 1995, the diversities of plan-
etary system in the Milky Way galaxy have been apparent and will be understood deeply.
The thesis, “High-contrast imaging of M-dwarfs: understanding cooling evolutionary models
and the frequency of giant planets“ should contribute to advance the understanding for those
subjects.
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Appendix A
High-energy activities of nearby
young M-dwarfs
The author presents a detailed method for the selection of nearby young M-dwarfs based
on high-energy activities with a catalogue of Ansdell et al. (2015).
Using the Tycho-2 catalogue (Høg et al., 2000b) and images of Digitized Sky Survey,
Le´pine and Gaidos (2011) have collected bright and nearby M-dwarfs, J < 10 mag with
µ > 40 mas/yr for their proper motion. In their catalogue, giants had already excluded on a
color-magnitude diagram and the spectral types of dwarf are mainly distributed from K7 to
M4. Based on the nearby M-dwarfs, Ansdell et al. (2015) have determined their NUV excess
using the GALEX catalogue. They also focused on early to mid M-dwarfs and selected stars
showing > 2.5σ excess compared to a basal (See. Fig.3 in Ansdell et al. (2015)). Through
those criteria, 797 stars are left as a sample.
The author put further criteria on the sample as following, and 24 nearby young M-dwarfs
(< 20 pc and < 200 Myr) are left for the sample of this work.
1. M-dwarfs whose trigonometric or photometric parallax is larger than 50 mas (corre-
sponding to nearer than 20 pc) are selected.
2. M-dwarfs showing both NUV and X-ray excess are selected, in which the author consid-
ered -6.0 and -3.46 as thresholds of log(LNUV/Lbol) and log(LX/Lbol). These thresholds,
-6.0 of NUV and -3.46 of X-ray, are determined to cover almost all the kinematically
suggested young M-dwarfs and not to miss the faintest M-dwarfs in the Pleiades, re-
spectively (Fig. A.1). In order to estimate the bolometric luminosity, The author used
the K-band absolute magnitude and equations1,
Mbol = 1.12MK + 1.81 (A.1)
Lbol = 10
(Mbol,⊙−Mbol)/2.5L⊙ (A.2)
The former equation, the bolometric correction for M-dwarfs, is referred from Veeder
(1974). In order to characterize the age of active M-dwarfs, the author employs an
equation (Nu´n˜ez and Agu¨eros, 2016),
RX = 1.85− 0.61 log
(
t
year
)
t = 10
[
(1.85−RX)
0.61 −6
]
Myr (A.3)
3. In Ansdell et al. (2015), several types observations to understand false positives are
conducted; Hα emission with medium-resolution optical spectra to exclude the pairs of
an M-dwarf and a white dwarfs (false positives due to the GALEX source confusion
1Mbol,⊙ = 4.83 [mag] and L⊙ = 3.839× 1033 [erg/sec]
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are also excluded with this), high-resolution imaging to detect stellar binaries as FPs,
and using light curves of SuperWASP exoplanet survey to detect stellar binaries. Ad-
ditionally, they investigated FPs based on literatures, and those FPs are flagged on the
catalogue. These flagged stars are also excluded from the sample of this work.
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Figure A.1 The high-energy activity decay of M-dwarfs are presented. This figure is based
on the data of Ansdell et al. (2015) and Nu´n˜ez and Agu¨eros (2016). The red points and a
line respectively indicate the ratio of NUV to bolometric luminosities for M-dwarfs being in
YMGs, and a best-fit broken power-law curve, in which NUV activity saturates at an age is
assumed (Ansdell et al., 2015). The blue points and a line similarly indicate observed X-ray
features and their best-fit curve Nu´n˜ez and Agu¨eros (2016). The blue observed points show
the fractional X-ray luminosities of M-dwarfs being in YMGs (clusters): Orion Nebula Cluster
(6 Myr), NGC2547 (35 Myr), Pleiades and NGC2516 (120 Myr), NGC6475 (220 Myr), M37
(490 Myr), and Hyades (625 Myr). Dashed lines represent each threshold for young M-dwarfs
in this work.
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Appendix B
Results for each object
The author shows the results of high-contrast imaging data for each object: images, signal-
noise maps, detection sensitivities as a function of angular separation from a host star.
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Figure B.1 The left presents a high-contrast image for a object in linear scale from -10σ to
+10σ of background noise level. The image is aligned to north is up and east is left with 5.0′′
field of view. The middle shows a signal-noise map of the left image convolved with r=2pix
gaussian aperture in ±5σ range. An white circle is 10 AU of projected separation. The right
represents the sensitivity curves as a function of angular separation from a host star, in which
sold and dashed curves indicate the limiting magnitude and the contrast curve, respectively.
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Figure B.2 The left and right show detection probabillitiy maps for each object using hot and
cold start model, respectively.
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